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ASTRONOMY. 


1.  AiTEONOMY  was  first  Studied  as  an  art^  subservient  to 
the  purposes  of  social  life.  Some  knowledge  of  the  celes- 
tial motions  was  necessary,  in  every  state  of  society,  that 
we  might  mark  the  progress  of  the  seasons,  which  regulate 
the  labours  of  the  cultivator,  and  the  migrations  of  the 
shepherd.  It  is  necessary  for  the  record  of  past  events, 
and  for  the  appointment  of  national  meetings. 

While  the  motions  of  the  heavenly  bodies  afford  us  the 
means  of  attaining  these  useful  ends,  they  also  present  to 
the  curious  philosopher  a  series  of  magnificent  phenomena, 
the  operation  of  the  greatest  powers  of  material  nature ; 
and  thus  they  powerfully  excite  his  curioraty  with  respect 
to  their  causes.  This  circumstance  alone  makes  the  celes- 
tial motions  the  proper  objects  of  attention  to  a  student  of 
Mechanical  Philosophy,  and  he  has  less  concern  in  the 
beautiful  regularity  and  subordination  which  have  made 
them  so  subservient  to  the  purposes  of  Navigation,  of 
Chronology,  and  the  occupations  of  rural  life. 

But  the  purposes  of  the  mechanical  philosopher  cannot 
be  attained  without  attending  to  that  beauty,  regularity, 
and  subordination.  These  features  are  exhibited  in  every 
circumstance  of  the  celestial  motions  that  renders  them 
susceptible  of  scientific  arrangement  and  investigation ;  and 
a  philosophical  view  cannot  be  taken,  without  the  same  ac- 
curate  knowledge  of  the  motions  that  is  wanted  for  the  arts 
of  life.  It  must  be  added,  that  society  never  would  have 
derived  the  benefits  which  it  has  received  from  astronomy. 
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without  the  labours  of  the  philosopher ;  for,  had  not  New- 
ton, or  some  such  exalted  genius  as  Newton,  speculated 
about  the  deflecting  forces  which  regulate  the  motions  of 
the  solar  system,  we  never  should  have  acquired  that  ex- 
quisite knowledge  of  the  mere  phenomena  that  is  absolutely 
necessary  for  some  of  the  most  important  implications  of 
them  to  the  arts.  It  was  these  speculations  alone  that 
have  enabled  our  navigators  to  proceed  with  boldness 
through  untried  seas,  and  in  a  few  years  have  almost  com- 
pleted the  survey  of  this  globe.  And  thus  do  we  expe- 
rience the  most  beneficial  alliance  of  philosophy  and  art. 

Since  the  motions  of  bodies  ar^  the  only  indicaUons, 
characteristics,  and  measures  of  moving  forces,  it  is  plain, 
that  the  celestial  motions  must  be  accurately  ascertained, 
that  we  may  obtain  the  data  wanted  for  the  purpose  of 
philosophical  inference.  To  ascertain  these  is  a  task  of 
great  difficulty ;  and  it  has  required  the  continual  efibrts 
of  many  ages  to  acquire  just  notions  of  the  motions  exhi- 
bited to  our  view  in  the  heavens.  For  the  same  general 
appearances  may  be  exhibited,  and  the  same  perceptions 
obtained,  and  the  same  opinions  will  be  formed,  by  means 
of  motions  very  different ;  and  it  is  frequently  very  diffi- 
cult to  select  those  motions  which  alone  can  exhibit  every 
observed  appearance.  If  a  person  who  is  in  motion  ima- 
^nes  that  he  is  at  rest,  and  assumes  tiiis  principle  in  his 
reasonings  about  the  effects  of  the  motions  which  he  per- 
ceives, he  mistakes  the  conclufdons  which  he  draws  for  real 
perceptions ;  and  colls  tliat  a  deception  of  sense,  which  is 
really  an  error  in  judgment.  Errors,  in  our  opinions  con* 
cerning  the  motions  of  the  heavenly  bodies,  are  necessarily 
accompanied  by  false  judgments  concerning  their  causes. 
Therefore,  an  accurate  examination  of  the  motions  which 
really  obtain  in  the  heaven <^,  must  precede  every  attempt 
to  investigate  their  causes. 

The  most  probable  plan  for  acquiring  a  just  and  satis- 
factory knowledge  of  these  particulars,  is  to  follow  the  steps 
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(if  our  predeoeaBCMns  in  this  study*  sod  first  to  oonuder  the 
more  genend  and  obvious  pheDomeiuu  From  these  w« 
must  deduce  the  opinions  which  most  obviously  suggest 
thcmselTes,  to  be  corrected  afterwards,  by  comparing  then 
with  other  phenomena,  which  may  happen  to  be  irreooiii- 
cilafale  with  them. 


ASTRONOMICAL  PHENOMENA. 

2.  To  an  observer,  whose  view  pn  all  sides  is  bounded 
only  by  the  sea,  the  heavens  appear  a  ooBcave  sphere,  of 
which  the  eye  is  die  oentre,  studded  with  a  great  number 
of  luminous  bodies,  of  whidi  the  Sun  and  Moon  are  tha 
most  remarkable     This  ^cie  is  called  the  BtuiitLK  of 

THE  STAKKY  HEAVENS. 

The  only  distances  in  the  heavens  which  are  the  inmie- 
diate  objects  of  our  observatbn,  are  ardies  of  great  circles 
pasang  through  the  different  points  of  the  starry  heavens. 
Therefore,  all  astronomical  computations  and  measure- 
ments are  performed  by  the  rules  of  spherical  trigonome- 

try. 

3.  We  see  only  the  half  of  the  heavens  at  a  time,  the 
other  lialf  being  hid  by  the  earth  on  which  we  are  placed. 
The  great  circle  H  B  O  D,  (Fig.  1.)  which  separates  the 
viiftble  hemisphere  H  Z  O  from  the  invisible  hemisphese 
H  N  O,  is  called  the  homzon.  This  is  marked  out  on 
the  starry  heavens  by  the  £arthest  edge  of  the  sea.  The 
point  Z  immediatdy  over  the  head  of  the  observer  is  called 
the  zEViTH ;  and  the  point  N,  diametrically  oppoaXe  to  it, 
is  called  the  VADia. 

4.  The  senith  and  nadir  are  poles  of  the  horizon. 

5.  If  an  observer  looks  at  the  heavens,  while  a  plummet 
is  suspended  before  his  eye,  the  plumb  line  will  mark  out 
on  the  heavens  a  quadrant  of  a  circle,  whose  plane  is  per* 
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pefidicular  to  the  hwuson,  and  which  therefore  passes 
through  the  zenith  and  nadir,  and  through  two  opposite 
points  of  the  horizon.  Z  O  N  H  and  Z  B  N  D  are  such 
cireles.     They  are  called  vertical  cieclss  and  azimuth 

CISCLSS. 

6.  The  ALTITUDE  of  any  celestial  phenomenon,  such  as 
a  star  A,  is  the  angle  A  C  B,  formed  in  the  plane  of  the 
vertical  circle  Z  A  N,  by  the  horizontal  line  C  B  and  the 
line  C  A.  This  name  is  also  given  to  the  arch  A  B  of  the 
vertical  circle  which  measures  this  angle.  The  arch  Z  A 
is  called  zenith  distance  of  the  phenomenon. 

7.  The  AZIMUTH  of  the  phenomenon  is  the  angle  OCB, 
(Mr  O  Z  B,  formed  between  the  plane  of  the  vertical  circle 
Z  A  B  passing  through  the  phenomenon,  and  the  plane  of 
some  other  noted  vertical  Z  O  N.  The  arch  C  B  of  the 
horizon,  which  measures  this  angle,  is  also  frequently  call- 
ed the  azimuth. 

8.  The  starry  heavens  appear  to  turn  round  the  earth, 
which  seems  pendulous  in  the  centre  of  the  sphere ;  and 
by  this  motion,  the  heavenly  bodies  come  into  view  in  the 
east,  or  rise  ;  they  attain  the  greatest  altitude,  or  culmi- 
nate, and  disiq^pear  in  the  west,  or  set.     This  is  called 

the  FIRST  MOTION. 

9.  This  motion  is  performed  round  an  axis  N  S  (Fig.  2.) 
passing  through  two  points,  N,  S,  called  the  poles  of  the 
world.      In  consequence  of  this  motion,  a  celestial  ob- 
ject A  describes  a  circle  AD  B  F,  through  the  centre  C  of 
which  the  axis  N  S  passes,  perpendicularly  to  its  plane. 
This  motion  may  be  very  distinctly  perceived  as  follows  : 
Let  a  point,  or  sight,  be  fixed  in  the  inside  of  a  sky-light 
fronting  the  north,  and  incUned  southwards  from  the  per- 
pendicular at  an  angle  equal  to  the  latitude  of  the  plaa*. 
An  eye  placed  at  this  point  will  see  the  stars  through  the 
glass  of  the  window.     Let  the  points  of  the  glass,  through 
whidi  a  star  appears  from  time  to  time,  be  marked.     The 
marks  will  be  found  to  lie  in  the  circumference  of  a  circle , 
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tiie  centre  of  which  will  mark  the  place  of  the  pole  in  the 
heavens. 

10.  Those  stars  which  are  fiurthest  from  the  poles  will 
describe  the  greatest  drdes ;  and  those  will  describe  the 
laigest  posaUe  circles  which  are  in  the  drcumference  of 
the  circle  ^  W  Q  E,  which  is  equidistant  from  both  poles. 
This  circle  is  called  the  equatoe,  and,  being  a  great  dr- 
de,  it  cuts  the  horizon  in  two  points,  E,  W,  diametrically 
opposite  to  each  other.  They  are  the  east  and  west  points 
of  the  horizon. 

11.  If  a  great  circle  A  N  Q  S  ^  passes  through  the 
poles  perpendicularly  to  the  horizon  HWOE,  it  will  cut 
it  in  the  north  and  south  points ;  and  any  star  A  will  ac- 
quire its  greatest  elevation  when  it  comes  to  the  semicircle 
N  AS^  and  its  greatest  depression  when  it  comes  to  the  se- 
micircle N  B  S ;  and  the  arch  D  A  F  of  its  apparition  will 
be  bisected  in  A. 

12.  If  the  circle  A  D  B  F  of  revolution  be  between  the 
equator  and  that  pole  N  which  is  above  the  horizon,  the 
greatest  portion  of  it  will  be  visible ;  but  if  it  be  on  the 
other  side  of  the  equator,  the  smallest  portion  will  be  visi- 
ble. One  half  of  the  equator  is  visible.  Some  circles  of 
revolution  are  wholly  above  the  horizon,  and  some  are 
wholly  below  it.  A  star  in  one  of  the  first  is  always  seen, 
and  one  in  the  last  is  never  seen. 

13.  The  distance  A  iE  of  any  point  A  from  die  equa- 
tor is  called  its  declination,  and  the  circle  A  D  B  F, 
being  parallel  to  the  et^uator,  is  called  a  p.\rallel  of  de- 
clination. 

14.  The  angle  iE  C  H,  contained  by  the  planes  of  the 
equator  and  horizon,  is  the  complement  of  the  angle  N  C  O, 
which  is  the  elevation  of  the  pole. 

15.  The  revolution ,  of  the  starry  heavens  is  perlorm- 
ed  in  23"  56'  4".  It  is  called  the  diurnal  revolution. 
No  appearance  of   inequality  has  been  observed   in   it; 
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and  it  is  therefore  assumed  as  the  roott  perfect  measure  of 
time. 

16.  The  time  of  the  diurnal  apparition  or  disparition 
of  a  point  of  the  starry  heavens  is  bisected  in  the  instant 
of  its  culmination  or  greatest  depression.  The  Sun,  there- 
fore, is  in  the  circle  N  ASQ  at  noon.  For  this  reason  the 
chncle  N  A  S  Q  is  called  the  meeidiah . 

17.  A  phenomenon  whose  drcle  of  diurnal  revolution 
A  D  B  F  is  on  the  same  side  of  the  equator  with  the  eie^ 
vated  pole,  b  longer  visible  than  it  is  invisible.  The  con- 
trary obtains  if  it  be  on  the  other  side  of  the  equator. 

18.  Any  great  circle  N  A  iE  S,  or  N  B  L  S,  (Fig.  3.) 
passing  through  the  poles  of  the  world,  is  called  an  hour 

CiaCLE. 

19*  The  angle  iG  C  L,  or  jB  N  L,  contained  between 
the  plane  of  the  hour-circle  N  B  L  S,  passing  through  any 
.phenomenon  B,  and  the  plane  of  the  hour  circle  N  A^i  S, 
passing  through  a  certain  noted  point  JE  of  the  equator,  is 
called  the  rioht  ascension  of  the  phenomenon.  The  in- 
tercepted arch  iE  L  of  the  equator,  which  measures  this 
angle,  is  called  by  the  same  name. 

20.  In  assigning  the  place  of  any  celestial  phenomenon, 
we  cannot  use  any  points  of  the  earth  as  points  of  refer- 
ence. The  starry  heavens  afford  a  very  convenient  means 
for  this  purpose.  Most  of  the  stars  retain  their  relative 
ntuations,  and  may  therefore  be  used  as  so  many  points  of 
reference.  The  application  of  this  to  our  purpose  requires 
a  knowledge  of  the  positions  of  the  stars.  This  may  be 
acquired.  The  difference  between  the  meridional  altitude 
of  a  star  B,  and  of  the  equator,  gives  the  arch  A  M^  inter- 
cepted between  the  equator  and  the  parallel  of  declination, 
or  circle  of  diurnal  revolution  A  B  D,  described  by  the 
star.  And  tlic  time  which  elapses  between  the  passage  of 
this  star  over  the  meridian,  and  the  passage  of  that  point 
JE  of  the  equntor  from  which  the  right  of  ascensions  are 
computed,  gives  the  arch  iG  L  of  the  equator  which  has 
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passed  during  this  interval.  Tlicrcforc,  an  hour  c'u'cle 
\L  S  being  drawn  through  the  poini  L  of  the  equator, 
and  a  circle  of  revolution  AB  D  being  div>vu  at  the  ob- 
served distance  A  JK  from  tlie  ccjuator,  the  place  of  the 
star  will  be  found  in  tlieir  intersection  13. 

SI.  Globes  and  maps  have  been  made,  on  which  the  re- 
presentations of  the  starB  have  been  placed,  in  positions  si- 
milar to  their  real  positions ;  and  catalogues  of  the  stars 
have  been  oomposed,  in  which  every  star  is  set  down  with 
its  declination  and  right  ascension,  this  being  tlie  most  con- 
venient arrangement  for  the  practical  astronomer.     Their 
longitudes  and  latitudes  (to  bo  explained  afterwards)  are 
also  set  down,  in  separate  columns.     The  most  noted  of 
all  these  is  the  beitamxic  cataloguk,  constructed  by  Dr 
Flamstead,  from  his  own  observations  in  the  Royal  Obscr- 
vatory  at  Greenwich.     This  catalogue  contains  the  places 
of  3000  stars.     It  is  accompanied  by  a  collection  of  maps, 
known  to  all  astrcmomers  by  the  title  of  atlas  celcstis. 
An  useful  abridgment  of  both  has  been  published  by  Bode 
in  Berlin^  and  by  For  tin  in  Paris ,  in  small  quarto.     Two 
planispheres  have  also  been  published  by  Senex^  in  London^ 
constructed  from  the  same  observations,  and  executed  with 
uncommon  elegance ;  as  also  a  particular  map  of  that  zone 
of  the  heavens  to  which  all  the  planetary  motions  arc  limit- 
ed.    This  is  also  executed  with  superior  elegance  and  ac- 
curacy.    The  place  of  any  phenomenon  may  be  ascertain- 
ed in  it  within  5'  of  the  truth,  by  mere  inspection,  without 
calculation,  scale,  or  compasses.     No  astronomer  should  be 
unprovided  with  it. 

22.  All  these  representations  and  descriptions  of  the 
starry  heavens  become  obsolete,  in  some  measure,  in  con- 
sequence of  a  gradual  change  in  the  declination  and  right 
ascension  of  the  stars.  But  as  this  may  be  accurately 
computed,  the  maps  and  catalogues  retain  their  original 
value,  requiring  only  a  little  trouble  in  accommodating 
them  to  the  present  state  of  the  heavens.     The  Britannic 
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Catalogue  and  Atlas  are  adjusted  to  the  state  of  the  hea- 
vens in  1690 ;  and  the  planispheres,  &c.  by  Senex,  are  the 
same.     The  editions  of  Paris  and  Berlin  are  for  1750. 

28.  In  these  maps  and  catalogues,  it  has  been  found 
convenient  to  distribute  the  stars  into  groupes,  called  con* 
STELLATIONS ;  and  figures  are  drawn,  which  comprehend 
all  the  stars  of  a  group,  and  give  them  a  sort  of  connexion 
and  a  name.  Each  star  is  distinguished  by  its  number  in 
the  constellation,  and  also  by  a  letter  of  the  alphabet. 
Thus,  the  most  brilliant  star  in  the  heavens,  the  Dog  star, 
or  Sirius,  is  known  to  all  astronomers  as  No  9,  or  as  •  Cants 
Moforis.  The  numbers  always  refer  to  the  Britannic  ca- 
talogue, it  being  considered  as  classical. 

m 

24.  Since  the  publication  of  that  work,  however,  great 
additions  have  been  made  to  our  knowledge  of  the  starry 
heavens,  and  several  catalogues  and  atlases  have  been 
published  in  different  parts  of  Europe.  Of  the  catalogues, 
the  most  estceemed  are,  1 .  a  small  catalogue  of  389  stars, 
the  places  of  which  have  been  determined  with  the  utmost 
care  by  Dr  Bradley,  at  the  Greenwich  Observatory  ;  2.  a 
catalogue  of  the  southern  stars  by  Abbe  de  la  Caillc  ;  3.  a 
catalogue  of  the  zodiacal  stars  by  Tobias  Mayer  at  Gottin- 
gen ;  and,  lastlt/,  a  new  atlas  celestis,  consisting  of  a  cata- 
logue and  maps  of  the  whole  heavens,  and  containing  above 
15,000  stars,  by  Mr  Bode  of  Berlin.  The  Rev.  Mr  Fr. 
Wollaston  published,  in  17S0,  a  specimen  of  a  general 
astronomical  catalogue  of  the  fixed  stars,  arranged  accord- 
ing to  their  declinations,  folio,  London,  1780.  This  is  a 
most  valuable  work,  containing  the  places  of  many  thou- 
sand stars,  according  to  the  catalogues  of  Flamstead, .  La 
Caille,  Bradley,  and  Mayer.  These  being  arranged  in 
parallel  columns,  we  see  the  differences  between  the  dcter- 
minatk)ns  of  those  astronomers,  and  are  advertised  of  any 
changes  which  have  occurred  in  the  heavens.  The  cata- 
logue is  accompanied  by  directions  for  prosecuting  this 
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method  of  obtaiiui^  a  minute  survey  of  the  whole  starry 


In  the  valuable  astronomical  tables  published  in  1776 
by  the  academy  of  Berlin,  Mr  Bode  has  given  a  similar 
synopsis  of  the  catalogues  of  Flamstead,  La  Caille,  Bradley, 
and  Mayer,  not  indeed  so  extensive,  nor  so  minute,  as 
WoUastonX  but  of  great  use.* 

25.  Having  thus  obtained  maps  of  the  heavens,  the 
place  of  a  celestial  phenomenon  is  ascertained  in  a  variety 
of  ways.  1.  By  its  observed  distance  from  two  known  stars. 
2.  By  its  altitude  and  azimuth.  S.  Most  accurately,  by  its 
right  ascension  and  declination. 

26.  This  last  bdbg  the  most  accurate  method  of  ascer- 
taining the  place  of  any  celestial  phenomenon,  observations 
of  meridional  altitude,  and  of  TaANsiT»  over  the  meridian, 
are  the  most  important  For  an  account  of  tlie  manner  of 
conducting  these  observations,  and  a  description  of  the  in- 
struments, we  may  consult  Smith's  Optics,  vol.  II. ;  Mr 
Vince^s  Treatise  of  Pracdcal  Astronomy;  La  Lande'^s 
Astronomy,  &ci-  The  mueal  quadbai^t,  t&aksit  in- 
strument, and  CLOCK,  are  therefore  the  capital  furniture  of 
an  observatory ;  to  which,  however,  should  be  added  an 
KacATOuiAL  INSTBUMENT  for  observiDg  phenomena  out  of 
the  meridian.  Other  instruments,  such  as  the  equal  al- 
titude   INSTRUMENT,     the    RHOMBOIDAL     EETICULA,     the. 

ZKNiTH  s£CTOR,  Rud  ouc  or  two  more,  are  fitted  for  astro- 
nomers on  a  voyage. 

27.  The  position  of  the  meridian,  and  the  latitude  of  the 
observatory,  must  be  accurately  determined.    There  are  va- 


•  This  Catalogue,  reduced  to  1820,  is  published  in  the  Edinburgh 
JEncyclop-edia,  Art.  astronomy,  vol.  II.  p.  745. Ed. 

f  An  account  of  the  modern  astronomical  instruments,  as  mode  by 
Mr  Troughton,  and  the  method  of  using  them,  will  be  found  in  the 
Edisblugb  Ekcyclop-edia,  Articles  Astronomy,  Circle,  Obslk- 

VATUiiyj  &c. Eu. 
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rimiB  methods  of  determining  the  meridian.  The  moat  ac- 
curate is  to  view  a  circumpolar  star  through  a  telcscc^ 
which  has  an  accurate  motion  in  a  vertical  plane,  and  to 
change  the  position  of  the  telescope  till  the  times  which 
elapse  between  the  successive  upper  and  lower  transits  of 
the  star  are  precisely  equal.  The  instrument  is  then  in  the 
plane  of  the  meridian  (Fig.  4.) 

28.  In  order  to  find  the  declination  of  a  j^enomenon 
more  readily,  it  is  convenient  to  know  the  inclination  of  the 
axis  of  diurnal  revolution  N  S  (Fig.  2.)  to  the  horizon,  oi 
the  elevation  of  the  pole  N.  The  best  method  for  this  pur 
pose  is  to  observe  the  greatest  elevation  I  O,  and  the  least 
elevation  K  O,  of  some  circumpolar  star.  The  elevation  of 
the  pole  N  is  half  the  sum  of  those  elevations. 

29.  The  'elevation  of  the  pole  is  different  in  different 
places.  An  observer,  situated  69|  statute  miles  due  north 
of  another,  will  find  the  pole  elevated  about  a  degree  more 
above  his  horizon.  *From  observations  of  this  kind,  the 
bulk  and  shape  of  the  earth  are  determined.  For  it  is  plain 
that  860  times  69^  miles  must  be  the  circumference  of  the 
globe.  It  is  found  to  be  nearly  an  elliptical  spheroid,  of 
which  the  axis  is  7904  miles,  and  the  greatest  diameter  7940 
miles.  This  deviation  from  perfect  sphericity  has  been  dis- 
covered by  measuring,  in  the  way  now  mentioned,  a  degree 
of  the  meridian  in  different  latitudes.  One  was  measured 
in  Lapland,  in  latitude  66^  20',  and  it  measured  1532,457 
yards,  exceeding  69j  miles  by  137  yards*.  Another  was 
measured  at  Peru,  crossing  the  very  equator.  It  contained 
121,027  yards  falling  short  of  69J  miles  by  1293  yards, 
and  wanting  1480  yards,  or  almost  a  mile,  of  the  other. 
Other  degrees  have  been  measured  in  intermediate  lati- 
tudes ;  and  it  is  clearly  established,  that  the  degrees  gra- 


*  This  degree  is  supposed  to  be  200  French  toiscs  too  great  by 
M.  Svanberg,  who  lately  remeasured  it. — Ed. 
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dttiUj  mcraae^  as  we  go  from  the  equator  towards  either 
pole. 

SO.  The  kngth  of  a  degree  is  the  distance  between  two 
phoes  where  the  tangents  to  the  surface  are  inclined  to  one 
aBother  one  degree,  or  where  two  plumb  lines,  which  are 
perpendicular  to  the  sur&oe  of  standing  water^  will,  when 
pniduoed  downwards,  meet  one  another,  intercepting  an 
angie  of  one  degree.  Thesurface  of  the  still  ocean  is  there- 
ibre  less  incurvated  as  we  iqpproach  the  poles,  or  it  requires 
a  longer  arch  to  ha^e  the  same  curvature.  It  is  a  degree 
of  a  larger  circle,  and  has  a  longer  radius.  Persons  who 
do  not  consider  the  thing  attentively,  are  apt  to  imagine, 
from  this,  that  the  earth  is  shaped  like  an  egg ;  because, 
if  we  draw  from  its  centre  lines  C  N  (Fig.  5.)  CO,  C  P, 
C  Q,  equally  inclined  to  one  another,  the  arches  N  O,  O  P, 
P  Q,  will  gradually  increase  from  N  towards  Q.  K  these 
lines  make  angles  of  one  degree  with  one  another,  they  will 
Bieet  the  surface  in  points  that  are  farther  and  farther 
asonder,  and  the  degree  will  appear  to  increase  as  we  ap- 
proach the  points  £  and  Q,  which  we  suppose,  9X  present, 
to  be  the  poles.  But  let  such  persons  reflect,  that  if  these 
fines  from  the  centre  are  produced  beyond  the  surface, 
they  cannot  be  plumb  lines,  perpendicular  to  the  surface 
of  stan£ng  water.  But  if  an  ellipse  N  £  S  Q  (Fig.  5.)  be 
made  to  turn  round  its  shorter  axis  N  S,  it  will  generate 
a  figure  flatter  round  N  and  S  than  at  £  or  Q.  If  we  draw 
two  lines  a  D  and  b  B  perpendicular  to  the  curve  in  a  and 
b^  and  exceedingly  near  one  another,  they  will  be  tangents 
to  a  carve  A  B  D  F,  by  the  evolution  of  which  the  elliptic 
quadrant  E  n  N  is  desciibed.  A  £  is  the  radius  of  curva- 
ture of  the  equatoreal  degree  of  the  meridian  E  a  N.  N  F 
is  the  radius  of  the  polar  degree,  and  a  D  is  the  radius  of 
curvature  at  the  intermedUte  latitude  of  a,  Ice  All  these 
radii  are  plumb  lines,  perpendicular  to  the  elliptical  curve 
of  the  ocean. 

The«5e  plumb  lines,  therefore,  do  not  meet  in  the  centre 
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of  the  earth,  as  is  oommonly  imagined,  but  meet  in  suooes- 
sion,  in  the  drcumference  of  the  evolute  A  B  D  F.  The 
earth  is  not  a  prolate  spheroid  like  an  egg,  but  an  dbbUe 
sphercnd,  like  a  tunup  or  Inas  bowL 
31.  Since  the  axis  of  diurnal  revolution  passes  through 
the  centre  of  the  earth,  it  mariu  on  its  surface  two  pcnnts, 
which  are  the  poles  of  the  earth.  These  are  in  the  extre- 
mities of  the  axis  of  the  terrestrial  spheroid;  In  like  man- 
ner, the  plane  of  the  celestial  equator,  pasang  through  the 
centre  of  the  earth,  divides  it  into  two  hemispheres,  the 
northern  and  southern,  separated  by  the  terrestrial  equa- 
tor. Also,  the  hour  circles,  passing  through  the  earth"^ 
centre,  mark  on  its  sur&oe  the  terrestrial  meridians. 

3S.  The  portion  of  a  place  on  the  surface  of  the  earth 
is  determined  by  its  latitude,  or  distance  from  the  ter- 
'  restrial  equator,  and  its  lohoitcde,  or  the  angular  dis- 
tance of  its  meridian,  from  some  noted  meridian. 

3S.  Astronomical  observations  are  made  from  a  point  on 
the  surface  of  the  earth,  but,  for  the  purposes  of  compu- 
tation, are  supposed  to  be  made  from  the  centre.  The 
angular  distance  between  the  observed  place  A  (Fig.  6.) 
of  a  phenomenon  S  in  the  heavens,  as  seen  from  a  place  D 
on  the  earth^s  surface,  and  its  place  B,  as  viewed  from  the 
centre,  is  called  the  parallax  of  the  phenomenon. 

34.  Besides  the  motion  of  diurnal  revolution,  common 
to  all  the  heavenly  bodies,  there  are  other  motions,  which 
are  peculiar  to  some  of  them,  and  are  observed  by  us  by 
means  of  their  change  of  place  in  the  starry  heavens. 
Thus,  while  the  starry  heavens  turn  round  the  Earth  from 
east  to  west  in  23*"  56'  4",  the  Sun  turns  round  it  in  S4>^. 
He  musty  therefore,  change  his  place  to  the  eastward  in 
tlie  starry  heavens.  The  Moon  has  an  evident  motion 
eastward  among  the  stars,  moving  her  own  breadth  in 
about  an  hour.  There  are  five  stars  which  arc  observed 
to  change  their  places  remarkably  in  the  heavens,  and  arc 
therefore  called  planets,  or  wanderers ;  while  those  whicli 


FIXJBD  ITABS-^FLANXTS.  13 

do  nol  chai^  their  relaliye  places  are  called  fixed  stabs. 
The  plsnets  axe,  MEacuax,  Venus,  Mais,  JapiTSR,  and 
Satuev.  To  these  we  must  now  add  the  planet  disoorer- 
ed  in  1761  by  Dr  Herscbel,  which  he  called  the  Georgian 
Haoet,  in  honour  of  his  sovereign  Greorge  III.  the  distin- 
ginsbed  patron  of  astronomy.  Astronomers  on  the  continent 
have  not  adcqpted  this  denomination,  and  seem  generally 
agreed  to  call  it  by  the  name  of  the  discoverer.  M.  Piazzi, 
at  Palermo,  has  discovered  another,  and  M.  Olbers,  at  Bre- 
men, a  third,  which  tliey  have  named  Ceres  and  Pallas.* 
None  of  the  three  are  visible  to  the  naked  eye. 

34.  Planets  are  distinguishable  from  the  fixed  stars  by 
the  steadiness  of  their  light,  while  all  the  fixed  stars  are 
observed  to  twinkle.  The  following  symbols  are  frequent- 
ly used : 

For  tie  Sun 0         For  Mars ^ 

the  Moon ]>  Jupiter y. 

Mercury g  Saturn Tj 

Venus 2  Herschel  or  Uranus.. ..Hj 

the  Earth Z 

The  motions  of  these  bodies  have  become  interesting  on 
various  accounts.  In  order  to  acquire  a  knowledge  of  their 
motions  more  easily,  it  is  convenient  to  abstract  our  atten- 
tion from  the  diurnal  motion,  common  to  all,  and  attend 
only  to  their  proper  motions  among  the  fixed  stars. 

Of  the  proper  Motions  of  the  Sun. 

35.  We  cannot  observe  the  motion  of  tlie  Sun  among: 
the  fixed  stars  immediately,  on  account  of  his  great  splen- 
dour,  which  hinders  us  from  perceiving  the  stars  in  his 


*  A  famih,  called  Juno,  was  afWwards  discovered  by  M.  Harding 

in  1804,  and  a  fifth,  called  Fetta,  by  Dr  Olbers,  in  1807.  A  very  full 

aeooont  of  the  Four  New  Planets  will  be  found  in  the  Supplement  to 

Ferguson's  Astronomy. — Ed. 
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neighbourhood.  But  we  can  obeerve  the  iustant  of  hb 
oomii^  to  the  meridian,  and  his  meiidional  altitude  (90.) 
The  Sun  must  be  in  that  point  of  the  heavens  which  passes 
the  meridian  at  that  instant,  and  with  that  altitude.  Or 
we  can  observe  the  point  of  the  heavens  which  comes  to 
the  meridian  at  midnight,  with  a  declination  as  far  on  one 
side  of  the  equator  as  the  Sunn's  observed  declination  is  on 
the  other  aide  of  it  The  Sun  must  be  in  the  point  of  the 
heavens  which  is  diametrically  opposite  to  this  point  By 
taking  either  of  these  methods,  but  particularly  the  first, 
we  can  ascertain  a  series  of  pcnnts  of  the  heavens  through 
which  the  Sun  passes.  These  are  found  to  be  in  the  cir- 
cumference of  a  great  drcle  of  the  sphere  A  S  V  W  (Fig. 
7.),  which  cuts  the  celestial  equator  in  two  c^posite  points, 
A,  V,  and  is  inclined  to  it  at  an  angle  of  2S°  28'  nearly. 
This  circle,  or  Sun^s  path,  is  called  the  ecliptic. 

36.  In  consequence  of  the  obliquity  of  the  ecliptic,  the 
Sun^s  motion  in  it  is  accompanied  by  a  change  in  the  Sun^s 
declination  and  right  ascension,  by  a  change  in  the  length 
of  the  natural  day,  and  by  a  change  of  the  seasons.  There^ 
fore,  the  revolution  of  the  Sun  in  the  ecliptic  is  performed 
in  a  year. 

87.  The  pcnnts,  V,  A,  are  called  equinoctial  points; 
because,  when  the  sun  is  in  these  points,  his  circle  of  diur- 
nal revoludon  is  the  celestial  equatot*,  and  therefore  the  day 
and  night  are  equal.  The  point  V,  through  which  he 
|)asscs  in  the  montli  of  March,  is  called  the  vernal  equi- 
nox, and  the  point  A  is  called  the  autumnal  equinox. 
The  points  S  and  W,  where  he  is  farthest  from  the  equa- 
tor, are  called  the  solstitial  points,  S  being  the  simi- 
mcr,  and  W  the  winter  solstice.  The  parallels  of  declina- 
tion passing  through  the  solstitial  points  are  called  tro- 
pics. 

88.  Right  ascension  is  always  computed  eastward  on  the 
equator,  from  the  vernal  cc^uinox. 
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39.  The  ecliptic  passes  through  the  constellatioiis 
Ariesy  distinguished  by  the    Libra,  distioguisbed  hy  the 

symbol »...«r         symbol ^^ 

Tturus V      Scorpio m 

Gemim •••  n      Sagittarius / 

Cancer as     Capricomus yg 

Leo SI    Aquarius ss 

Virgo TTJ     Pisces j.K 

These  constellations  ore  called  the  signs  of  the  zodiac  ; 
and  a  motion  from  vest  to  east  is  said  to  be  DiaccT,  or  im 
coxsBatJENTiA  siGKORUM,  wbile  a  Contrary  motion  is  called 

BETROGRADB,  IN  ANTECEDUKTIA  SIGNORUH. 

40.  The  changes  of  the  seasons  were  attributed  by  the 
indents  to  the  influence  of  the  stars  which  were  seen  in  the 
different  seasons  of  the  year. 

41.  The  position  of  the  ecliptic  is  invariable,  and  a  com- 
plete revolution  is  performed  in  365  days,  6  hours,  9  mi- 
nutes, and  11  seconds. 

42.  If  successive  observations  be  made  of  the  Sunn's  cross- 
ing the  equator,  it  will  be  found  that  the  equinoctial  points 
are  not  fixed,  but  move  to  the  westward  about  50"  in  a 
year,  so  that  they  would  make  a  complete  revolution  in 
about  ^5,972  years.     This  is  called  the  procession  of  the 

E(lTTINOXE8. 

43.  Sir  Isaac  Newton  made  a  very  ingenious  and  impor- 
tant inference  from  this  astronomical  fact.  If  we  know  the 
situation  of  the  equinoctial  points  at  the  time  of  any  histo- 
rical event,  the  date  of  the  event  may  be  discovered.  He 
thinks  that  this  position,  at  the  time  of  the  Argonautic  ex- 
pedition, may  be  inferred  from  the  description  given  by 
Aratus  of  the  starry  heavens.  The  poet  describes  a  celes- 
tial sphere  by  which  Chiron,  one  of  the  heroes,  directed 
their  motions  ;  and  from  this  he  deduces  data  for  a  chrono- 
logy of  the  heroic  or  fabulous  ages.  But,  since  the  equi- 
noctial points  shift  only  at  the  rate  of  a  degree  in  72  years, 
and  the  Greeks  were  so  ignorant,  for  ages  after  that  epoch> 
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that  they  did  not  know  that  the  positions  of  the  stars  werp 
changeable,  it  does  not  appear  that  much  reliance  can  be 
had  on  this  datum.  We  cannot,  &om  the  description  by 
Aratus,  be  certun  of  the  pomtion  of  the  vernal  equinox 
within  five  or  ax  degrees.  This  makes  a  difference  of  400 
years  in  the  epochs. 

44.  The  axis  of  diurnal  revolution  is  not  always  the 
same,  and  the  poles  of  the  heavens  describe  (in  25,972  years) 
a  drde  round  the  pole  of  the  ecliptic,  distant  from  it  ftS^ 
iS'  10'  nearly. 

45.  On  account  of  the  westerly  motion  of  the  equinoctial 
points,  the  return  of  the  seasons  must  be  accomplished  in 
less  time  than  that  of  the  Sun'^s  revolution  round  the 
heavens*  The  seasons  return  after  an  interval  of36Sf^  5^  48' 
45".  This  is  called  a  tropical  year,  to  distinguish  it  from 
.the  interval  365"^  6**  9'  11''  called  a  sydereal  year. 

46.  Astronomers  have  chosen  to  refer  the  places  of  the 
heavenly  bodies  to  the  ecliptic,  on  account  of  its  stability, 
rather  than  to  the  equator.  For  this  purpose,  great  circles, 
such  as  PV^,  PAp  (Fig.  8.)  are  drawn  through  the 
poles  P,^,  of  the  ecliptic.  These  are  called  ecliptic  me- 
ridians. The  arch  AB  of  one  of  these  circles,  intercepted 
between  a  phenomenon  A  and  the  ecliptic,  is  called  the 
latitude  of  the  phenomenon;  and  the  arch  VB,  inter- 
c^ted  between  the  point  V  of  the  vernal  equinox  and  the 
point  B,  is  called  the  longitude  of  the  phenomenon.  1'his 
b  sometimes  expressed  in  degrees  and  minutes,  and  some- 
times in  signs,  degrees,  and  minutes,  each  sign  consisting  of 
thirty  degrees. 

47.  Tlie  motion  of  the  Sun  in  the  ediptic  is  not  uniform. 
On  die  first  of  January  his  daily  motion  is  nearly  1"  1'  IS". 
But  on  the  first  of  July,  his  daily  motion  is  5T  13"-  The 
mean  daily  motion  is  59^  08" .  The  Sun's  place  in  the 
ecliptic,  calculated  on  the  supposition  of  a  daily  motion  of 
59'  08",  will  be  behhid  his  observed  place,  from  the  Ik?- 
ginning  of  January  to  the  be^nning  of  July,  and  will  be 
before  i^,  from  the  l>eginning  of  July  to  the  beginnhig  of 
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Jznuary.  The  greatest  diflRerenoe  is  about  lo  55'  82'^, 
wiiich  is  observed  about  the  beginning  of  April  and  Octo- 
iier ;  at  which  times,  the  observed  daily  motion  is  59^  08''. 

48.  This  unequable  motion  of  the  Sun  appeared  to  the 
ancient  astronomers  to  require  some  explanation.  It  had 
been  received  as  a  first  principle,  that  the  celestial  motions 
were  of  the  most  perfect  kind-^-and  tliis  perfection  was 
thought  to  require  invariable  sameness.  Therefore  the 
Sun  must  be  carried  imiformly  in  the  circumference  of  a 
%ure  perfectly  uniform  in  every  part  He  must  therefore 
move  uniformly  in  the  circumference  of  a  circle.  The 
astronomers  therefore  supposed  that  the  earth  is  not  in  the 
centre  of  tins  circle.  Let  AbV  d  (Fig.  9.)  represent  the 
Sun  6  orbit,  having  the  earth  in  E,  at  some  distance  from 
the  centre  €•  It  is  plain,  that  if  the  Sun's  motion  be  uni* 
form  in  the  circumference,  describing  every  day  59'  08^', 
his  angular  motion,  as  seen  from  the  cxulh,  must  be  slower 
when  he  is  at  A,  his  greatesP  distance,  than  when  nearest 
to  the  earth,  at  P.  It  is  also  evident  that  the  point  £  may 
be  so  chosen,  that  an  arch  of  590)8"  at  A  shall  subtei^d 
an  angle  at  £  that  is  only  57'  13",  and  that  an  arch  of  59^ 
OS"  at  P  shall  subtend  an  angle  of  61'  13".  This  wUl  be 
accompUshcd,  if  we  make  £  P  to  £  A  as  6T  13"  to  61'  13"/ 
or  nearly  as  14  to  15.  This  was  accordingly  done;  and 
this  method  of  solving  the  appearances  was  called  the 
ecceniric  h^pStkeHs.  £  C  is  the  £CC£NT£ICXTY,  and  F  E 
is  to  P  C  nearly  as  28  to  29. 

49.  But  although' this  hypothec  agreed  very  jvell  with 
observation  in  those  points  of  the  orbit  where  the  Sun  is 
most  remote  from  the  earth,  or  nearest  to  it,  it  was  found 
to  differ  greatly  in  other  parts  of  the  orbit,  and  particularly 
about  ludf  way  between  A  and  P.  Astronomers,  after 
trying  various  other  hypotheses,  were  obliged  to  content 
themselves  with  reducing  the  eccentricity  conddcrably,  and 
also  to  suppose  that  the  angular  motion  of  59^  08'  per  day 
was  performed  round  a  point  e  on  the  oUier  side  of.  the 
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centre,  at  the  name,  distance  with  £.  .  This,  however,  was 
giving  up  the  prindiple  of  perfect  motion,  if  its  perfection 
consisted  in  uniformity ;  for,  in  this  case,  the  Sun  cannot 
h^Ve  an  uniform  motion  in  die  circumference,  and  also  an 
uniform  aiigular  motion  round  e.  Besides,  even  this  amend* 
ment  of  the  eccentric  hypothesis  by  no  means  agreed  with 
the  observations  in  the  months  of  April  and  October ;  but 
they  could  nqt  make  it  any  better. 

50.  Astronomical  computations  are  made  on  the  suppo- 
sitioa  of  uniform  angular  motion.  The  angle  proportional 
to  the  time  is  called  the  mean  motion,  and  the  place  thus 
computed  is  called  the  mean  pla9£.  The  differences  be- 
tween the  mean  places  and  the  observed,  or  true  places, 
are  ^led  equations.  They  are  always  greatest  when 
the  mean  and  true  motions  are  equal,  and  they  are  nothing 
wiien  the  mean  and  true  motions  differ  most.  For,  while 
the  true  daily  angular  motion  is  less  than  the  mean  daily 
motion,  the  observed  place  falh  more  and  more  behind  the 
cdculated  place  every  day ;  and  although,  by  gradually 
quickening,  it  loses  les^very  day,  it  still  loses,  and  falls 
still  more  behind  ;  and  when  the  true'oaily  motion  has  at 
last  become  equal  to  the  meauj^it  loses  no  more  indeed,  but 
^t  is  now  the  farthest  behind  that  can  be.  Next  day  it  gains 
a  little  of  the  lost  ground,  but  is  still  behind.     Gaining 

'  more  and  more  every  %Qr,  by  its  increase  of  angular  mo- 
tion, it  at  last  comes  up  with  the  calculated  pKe ;  but  now, 
its  angular  motiqp  is  the  greatest  possible,  and  differs  most 
from  the  equable  mean  motion. 

51.  These  computations  are  begun  from  that  point  of 
the  orl^t  where  the  motion  is  slowest,  and  the  mean  angular 
cUstanciS  from  this  point  is  called  the  mean  anomaly.  A 
table  is  made  of  the  equations  corresponding  to  each  degree 
of  the  mean  anomaly.  The  true  anomaly  is  found  by  add- 
ing  to,  or  subtracting  from  the  computed  mean  anomaly, 
the  cquatbns  correspcnuding  to  it. 
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In  thi^  maniimr  may  the  Sun's  longitude,  or  place  in  the. 
ecfiptic,  be  found  for  iny  tim^. 

52.  In  consequence  of  the  obliquity  of  the  eclipdc,  add 
the  Sunn's  imequal  modon  in  it,  \he  natural  days,  or  the  in^ 
tervai  between  two  suofsesave  passages  of  the  Sun  over  the 
meridlui,  ore  unequal ;  and  if  a  clock,  t^hich  measures 
36Sd  Sr  48^  50*  in  A  tropical  year,  be  compafed  from  day  tb^v 
day  with  an  exact  sun  dial,  they  wiillie  found  t6  diiS^^  and 
will  agree  only  tbat  tinms  in  the  yeat*;    This'  diffefence  is 
caDfid  the  sodation  of  timb,  ahd  sometimes  amounts' to* 
16  minutes.     The  time  shewn  by  the  clock  is  called  meaA' 
soLAK  TIME,  and  that  idiewn  by  the  dia^  is  called  true  { 

TIKB  and  APPABENT  TtME. 

53.  The  chisiige  in  the  Sun's  motion  i^  accotnpanitf 'by 
a  change  in  his  apparent  diametei^  which,  at  the  b^inl? 
ning"  of  January,  is  about  32^  89^%  and  at* the  beginning^oiP 
July  is  about  81'  84^,  At  less.  This  roust  be>iiacribed  to 
a  diange  of  distance,  which  must  always  be  supposed  in* 
versely  proportional*to  the  apparent  diameter. 

54.  By  oombinTng  the  obsorvatidns  of  the  sun^s  place  in 
the  ediptic  with  those  of  his  distance,  inferred  from  the 
iqiparent  diameter,  and  by  other  more  decisive,  but  less 
obtious  observations,  Kepler,  a  Grerman  astronomer,  found 
that  his  apparent  path  round  the  earth  is  an  ellipse,  hav* 
ing  the  eartbin  one  focus,  and  htfRng  the  longer  axis  to 
the  shorter  ax7  as  200,000  to  1 99,972. 

The  extremities*  A  and  P  of  the  longer  a^s  of  tlie  sun^s 
orbit  A  B  P  D  (Fig.  9J  are  called  the  apsides.  The 
point  A,  where, the  sun  is  farthest  fronf  the  earth  (placed 
in  E),  is  called  the  hi^ier  apsis,  or  APqoEE.  P  is  the  low* 
er  apsis,  otpeeigee.  '  The  distance  E  C  between  the  fo- 
cus and  centre  is  called  the  eccentricity,  and  is  1680 
parts  of  a  scale,  of  which  the  mean  distance  E  D  is  100,000* 

55.  Kepler  observed,  that  the  sutfs  angular  motion  in 
this  orbit  was  inversely  proportional  to  the  square  of  his  . 
distance  from  the  earth ;  for  he  observed  the  stm^s  daily 
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.  change  pf  place  to  be  as  the  square  of  his  apparent  diame- 
ter. Hence,  he  inferred  that  the  radius  vector  E  B  des- 
cribed areas  proportional  to  the  times. 

56.  From  this  he  deduced  a  method  of  calculating  the 
fun'*s  place  for  any  given  time.  Draw  a  line  £  F  from  the 
focus  of  the  ellipse,  which  shall  cut  off  a  sector  AEF, 
having  the  iaXne  proportion  to  the  whole  surface  of  tlie 
ellipse,  which  the  interval  of  time  between  the  sun's  last 
passage  throngh  his  apogee,  and  the  time  for  which  the  com- 
-  putation  is  made,  has  to  a  sydereal  year;  F  will  be  the  sun's 
true  place  for  that  time.    This  is  called  kepler^s  pboblem. 

Tliis  problem,  the  most  interesting  to  astronomers,  has 
'  not  yet  been  solved  otherwise  than  by  approximation,  or  by 
geottetrical  construcdons  which  do  not  admit  of  accurate 
joomputation.  .^     * 

'  *  57.  Let  4.B  P  D,(Fig.D)  be  the  elliptical  orbit,  having 
the  earttvia  the  focus  E.  A  and  P,  the  extremities  of  the 
transverse  axis,  are  the.  apog^  and  perogec  of  the  revolving 
body.  B  D  is  the  conjugate  axis,  and  C  the  centre.  It  is 
required  to  draw  a  line  E  T  \ichich  shall  ci|t  off  a  sector 
'  A  £  T,  which  has  to  the  whole  ellipse  the  proportion  of  m 
to  n ;  m  being  taken  to  n  in  the  proportion  of  the  time 
elapaed  since  the  body  was  in  A  to  the  time  of  a  complete 
revolution. 

Kepler,  who  was  «  exceUent  geometer,  saw  that  this 
would  be  effected,  if  he  could  draw  a  line  E  I,  which 
should  cut  off  .from  the  circumscribed  circle  Ab¥  d  the 
ar^  A  £  I,  which  is  to  the  whole  circle  in  the  same  pro- 
portion of  m  to  n.  For,  then,  drawing  the  perpendicular 
ordinate  I  R,  cutting  the  ellipse  ,in  T,  he  knew  that  the 
area  A  £  T  has  the  same  proportion  to  the  ellipse  that 
A  £  I  has  to  the  circle.  The  proof  of  this  is  easy,  and  it 
seems  greatly  to  simplify  the  problem.  Draw  I C  through 
the  centre,  and  make  £  S  perpendicular  to  I C  S.  The 
area  A  £  I  consists  of  the  circular  sector  A  C  I,  and  the. 
.  triangle  C  I  E.      ^he  sector  is  equal  to  half  the  rectangle 
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oT  the  radius  C  I  and  the  arch  Al^that  is,  to ^ • 

The  triangle  CI  E  bequal  to  ^  ^^^  ^^>or  ^  A x  E  S, 

Therefore  it  is  evident  that,  if  we  make  the  arch  IM 
equal  to  the  straight  line  £  S,  the  sector  A  C  M  will  be 
equal  to  the  circular  area  ACT,  and  the  angle  ACM  will   • 
be  to  360  degrees,  as  m  to  n. 

58.  Hence  we  see,  that  it  will  be  easy  to  find  the  time 
when  the  revolving  body  is  in  any  point  T.  To  find  this, 
draw  the  ordinate  R  T I ;  draw  I  C  S  and  E  S,  and  make 
I M  =  E  S.  Then,  360^  is  to  the  arch  A  M  as  the  time 
of  a  revolution  to  the  time  in  which  the  body  moves  over 
A  T.  This  is  (in  the  astronomical  language)  finding  the 
mean  anomaly  when  the  trtle  anomaly  is  given.  The  angle 
ACM,  propordonal  to  the  time,  is  called  the  mean  ano- 
maly, and  the  angle  A  E  I  is  the  true  anomaly.  The 
angle  A  C  I  is  called  the  anomaly  of  the  eccenteic,  or 

the  ECCENTRIC  ANOMALY. 

59.  But  the  astronomer  wants  the  true  anomalv  oorres- 
ponding  to  a  given  mean  anomaly.  The  process  here  given 
cannot  be  reversed.  We  cannot  tell  how  much  to  cut  off 
from  the  given  mean  anomaly  A  M,  so  as  to  leave  A I  of  a 
proper  magnitude,  because  the  indispensable  measure  of 
M  I,  namely  E  S,  cannot  be  haa  till  I C  S  be  drawn. 
Eieplcr  saw  this,  and  said  that  his  problem  could  not  be 
solved  geometrically.  Since  the  invention  of  fluxions,  how- 
ever, and  of  conver^ilg  serieses,  very  accurate  soluddns 
have  been  obtained.  That  given  by  Frisitis  in  his  CoS' 
mographia  is  the  same  ii>prindple  with  all  the  most  ap» 
{irmcd  methods,  and  thc-form  in  which  it  is  presented  is 
peculiarly  simple  and  neat.  But,  except  for  the  construc- 
tion of  original  tables,  these  methods  arc  rarely  employed, 

■ 

on  account  of  the  laborious  calculation  which  they  require. 
Of  all  the  direct  approximate  solutions,  that  given  by  Dr 
^latthcw  Stewart  at  the  end  of  his  Tracts^  Physical  and 
MatlM^naiical^  published  in  176 F,  «»ecms  the  moi>t  accurate 
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^anj  elegant;  ^A  the  calculatioaa  fbnndcd  on  it  aie  eren 

. ,  Bhorter  than  the  indirect  methods  generally  employed.   Hit 

•   Qonstniction  is  as  follo;ws. 

'  60.  Let  the  ifngle  A  E  M  be  the  mean  anomaly,  join 
B  M,  and  dmw  C  i  paralld  to  it,  and  M  O  perpendinilar 

,.  to  €«•     If^the  oibit  is  not  more  eccentric  than  that  of 

■Marg^niake  the  arch  1 1  equal  to  die  excess  of  the  archMt 
'  aboT^'tta  ^ne  M  O.     Then  A I  is  the  eccentric  anomaly 

■■  'jniwspc^idiilg  to  the  meaa  anomaly  A  M,  and  the  ordinate 
!"ifi.  will  cut  the  clliptt  inTi  »  that  AET  will  be  the 

^ true  anomaly  required,  rne ^nr  will  not  amount  totwo 
-aeconds  in'  any  part  br  sych.oifeta.     But,  for  orbits  of 

.  greater  eccentricity,  ahotheh  step  is '  necessary.  Join  E  f , 
and  draw  C  Q  parallel  to  £  t,  meeting  the  tangent  t  Q  in 
Q.  Let  D  r^iroent  the  excess  of  the  arch  M  i  above  its 
mne  M  O*,  .and  institute  the  following  analogy,  ua.  M  C  i : 
tad.  iCQ=:D:  tl,  taking  tl  from  i  towards  M.  The 
pmnt,  Ij  will  be  so  utuated  that  the  sector  A  E I  is  very 
nearly  equal,  to  the  sector  A  C  Mi  or  A  I  is  the  eccentric 

I  anomaly  oormponding  to  the  mean  anomaly  A  M.  The. 
etror  will  not  amount  to  one  second,  even  in  the  orhit  of 
Mercury. 

The  demonstration  of  ^his  construction  is  by  no  means 
abstruse  or  .difficult.     Draw  I  S,  and  M  I.      The  triangles 

'  s  C  E  and  i  C  M  are  evidently  equal,  being  on  one  base 
'i  C,  and  between  the  parallels  i  C  and  M  £.  For  similar  - 
reasons,  the  triangles  i  91  and'tBI  are  equal.  '  Therefore 
,thj  triangle  t  C  E,  together  with  the  segment  included  be- 
tween the  arch  M  &  •  and  the  chonl  M  t,  will  be  equal  to 
the  circular  sector  *  C  M. 


*  This  excnt  miut  be  exprenet]  in  drgrecs,  mmutMj  or  secondft 
The  nditu  of  ■  circle  is  equal  to  m  arch  of  906,(6  J  ucotida.  Tlio 
logarithm  of  this  number  it  d.S1443JI.  Therefore  we  thall  obtain 
E  S,  or  the  Sfconds  in  E  S,  by  aildiog  this  logfiithni  to  the  logaiithnu 
of  E  C  (AC  being  unity),  and  the  lo^thm  of  the  line  of  A  C  I. 
ThesiuniS'the  logarithm  of  theaecoudsin  ES. 
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*    .   .       . 

Now  it  is  plain,  from  the  oraistruction^  tbat  S  t :  C  i 
=  SE:tQ,  z=MO:tQ,=:  M6i  — MO  :  i  I.  There- 
lore  S  iXil  =  CiX  M  &t—C  t  xMO.  ButCfXM 
6 1  is  equal  to  twice  the  sector  M  C  i,  and  C  t  x  M  O  is 
equal  to  twice  the  triangle  M  C  t.  Therefore^  S  i  x  ^  I  ■ 
equal  to  twice  the  segment  contained  between  Mbi  and 
the  chord  M  u  Therefore  this  s^ment  is  equal '  to  the  *. 
triao^e  t  S  I,  or  to  the  triangle  iE  I.  Therefore  the  space  - 
CilEC  is  equal  to  the  sector  i  C  M,  and  the  sector  AEI 
to  the  sector  ACM. 

The  calculation  founded  oajtfiis  construction  is  extreme* 
ly  simple.  In  the  triangle  MCE,  the  sides M  C  and  C E 
are  given,  with  the  included  angle  MCE;  and  the  angles 
C  E  M,  C  ME  are  sought  Moreover^,  A  E  is  the  sum  of 
the  given  sides,  and  F  E  is  their  difference,  and  A  C  M  is 
the  sum  of  the  angles  M  and  K  Therefore  A£  :EP  =  tan. 

:  tan,   ~-^ —  ;  and  thus  E  and  M,  or  their  equalsj 

A  C  i  and  M  C  i,  are  obtained.  '  In  the  next  place,  in  the 
triangle  i  C  E,  the  ndes  i  C,  C  E,  and  the  included  atiglc 
i  C  £,  are  given,  and  the  angle  E  i  C  is  sought  We  have 
in  the  same  manner  as  before,  A  C  i  equal  to  the  sum  of 
the  angles  £   and.t,  and    therefore  A  E  :  E  P  =  tan. 

E+  i  E       i 

— -I— :  tan.  ,.      Thus  the  angle  E « C,  or  its  equal, 

■ 

iCQf  is  obtmned,  and  then,  the. arch  i  r=^D  x  rrrf 

=  D  X  ^"  *  ^  Q 

sin.  Al  C  i' 

In  the  very  eccentric  orbits  of  the  comets,  this  brings  us 
vastly  nearer  to  the  truth  than  any  of  the  indirect  methods 
we  know  does  by  the  first  step.  So  near,  indeed,  tliat  the 
common  method,  by  the  rule  ofjalse  posiiiony  may  now  be 
safely  employed.  Jf  the  point,  I,  has  been  accurately 
found,  it  is  plain,  that  if  to  the  arch  A I  we  add  ES,  that  is, 
£  C  X  an.  A  C  I,  we  obtmn  the  arch  A  M  with  which  we 
began.    But  if  I  has  not  been  accurately  determined,  A  M 
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vQl  differ  firom  the  primitive  A  M.  Therefore,  make  some 
amall  change  on  A  I,  and  agiun  compute  A  M.  This  will 
•  pK>bably  be  again  erroneous.  Then  apply  the  rule  of 
fidse  position  as  usual.  The  error  remaining  after  the  first 
step  of  Dr  Stewart^s  process  b  always  so  moderate,  that  the 
variations  of  A  M  are  very  nearly  propwdonal  tp  the  vari- 
ations of  A I ;  so  that  two  steps  of  the  rule  will  generally 
bring  the  calculation  within  two  or  three  seconds  of  the 
truth.  The  astronomical  student  will  find  many  beautiful 
and  important  propositions  in  these  mathematical  tracts. 
The  proposition  just  now  employed  is  in  page  398>  &c. 

61.  Astronomers  have  discovered,  that  the  line  AP  . 
moves  slowly  round  E  to  the  eastward,  changing  its  place 
about  25'  56^'  in  a  century.     This  makes  the  time  of  a 
complete  revolution  in  the  orbit  to  be  S65**  6^  16'  20".  This 
time  is  called  the  anomalistic  yea^. 

Of  the  proper  Motions  of  tin  Moon. 

62.  Of  all  the  celestial  motions,  the  most  obvious  are 
those  of  the  Moon.  We  see  her  shift  her  situation  among 
the  stars  about  her  own  breadth  to  the  eastward  in  an  hour, 
and  in  somewhat  less  than  a  month  she  makes  a  ccmiplete  • 
tour  of  the  heavens.  The  gentle  beauty  of  her  appear- 
ance during  the  quiet  hours  of  a  serene  night,  has  attract- 
ed the  notice,  and  we  may  say  the  affections  of  all  man- 
kind ;  and  she  is  justly  styled  the  Queen  of  Heaven.  The 
remarkable  and  distinct  changes  of  her  appearance  have  af- 
forded to  all  si^iple  nations  a  most  convenient  index  and 
measure  of  time,  both  for  recording  past  events,  and  for 
n&king  any  future  appointments-  for  business.  Accords 
ingly,  we  find,  in  the  first  histories  of  all  nations,  that  the 
lunar  motions  were  the  first  studied,  and,  in  some  degree, 
understood.  It  seems  to  have  been  in  subserviency  to  this 
study  alone  that  the  other  appearances  of  the  starry  heavens 
were  attended  to ;  and  the  relative  positions  of  the  stars 
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seem  to  bave  interested  us,  merely  at  the  means  of  asoer- 
taitoDg  the  motkins  of  the  Moon.  For  we  find  all  the  so- 
diKS  of  the  ancient  onental  natiqns  divided,  not  into  19 
equal  portions,  oorreqponding  to  the  Sun^s  progress  during 
the  penod  of  seasons,  but  into  27  parts,  corresponding  to 
the  Moan'^8  daily  prepress,  and  these  are  expressly  called 
the  BOUSES  or  mansions  of  the  Moon.  This  is  the  distribu* 
tion  of  the  zodiac  of  the  ancient  Hindoos,  the  Persians,  the 
Chinese,  and  even  the  Chaldeans.  Scnne  have  no  cUvi- 
son  into  12,  and  those  who  have,  do  not  give  names  to  12 
groups  of  stars,  but  to  27.  They  first  describe  the  situa- 
tion of  a  planet  in  one  of  these  mansions  by  name,  noting 
its  distance  ficom  some  stars  in  that  group,  and  thence  infer 
in  what  part  of  which  twelfth  of  the  circumference  it  is 
placed.  The  division  into  12  parts  is  merely  mathematical, 
for  the  purpose  of  calculation.  In  all  probability,  there- 
fore, this  was  an  after-thought,  the  contrivance  of  a  more 
cultivated  age,  well  acquainted  with  the  heavens  as  an  ob- 
ject of  sight,  and  beginning  to  extend  the  attention  to  spo- 
culatifHis  beyond  the  first  conveniences  of  life. 

6S.  When  the  Moon^s  path  through  this  series  of  man- 
sions is  carefully  observed,  it  |s  found  to  be  (very  nearly)  a 
great  circle  of  the  heavens,  and  therefore  in  a  plane  passing 
througjh  the  centre  of  the  earth. 

64.  She  makes  a  complete  revolution  of  the  heavens  in 
0-jd  7h  43'  i^ff^  |j^^  ^^  g^jQg  variations.     Her  mean  daily 

motion  is  therefore  13^  lO'  25J' ,  and  her  horary  motion  b 
32  56". 

65.  Her  orbit  is  inclined  to  the  plane  of  the  ecliptic  in 
an  angle  of  5"^  S'  45",  nearly,  cutting  it  in  two  pcmits 
caBed  her  nodes,  diametrically  opposite  to  each  other ;  and 
that  node  through  which  she  passes  in  coming  from  the 
south  to  the  north  side  of  the  ecliptic,  is  called  tlie  ascend- 
ing NODE. 

66.  The  nodes  have  a  motion  which  is  generally  west^ 
ward,  but  with  considerable  Irregularities,  making  a  com- 
plete revolution  in  about  6803^  2^  55'  18",  nearly  IS'i  yem. 
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67.  If  Ve  mark  (m  a  celestial  globe  a  series  of  points 
where  the  Moon  was  observed  during  three  or  four  revolu« 
tionsy  and  then  lap  a  tape  round  the  globe,  covering  those 
points,  we  shall  see  that  the  tape  crosses  the  eclin^  more 
westerly  every  turn,  and  then  crosses  the  last  round  very 
obliquely ;  and  we  see  that  by  continuing  this  operation, 
we  shall  completely  cover  with  the  ti^  a  zone  of  the 
heavens,  about  ten  or  eleven  degrees  broad,  liaving  the* 
ecliptic  running  along  its  middle. 

68.  The  Moon  moves  unequally  in  tifis  cnrbit,  her  hourly* 
motion  increasing  from  29'  34>"  to  S6'  48",  and  the  equa« 
tion  of  the  orbit  sometimes  amounts  to  <&*  18'  88^ ;  so  that 
if,  setting  out  from  the  point  where  her  horary  motion  is 
slowest, -we  calculate  her  place,* for  the  eighth  day  thcr&* 
after,  at  the  rate  of  2S/  5Sf'  per  hour,  we  shall  find  her  ob- 
served place  short  of  our  calculation  more  tlian  half  a  day's 
motion.  And  we  should  have  found  her  as  much  before  it, 
liad  we  begun  our  calculation  from  the  opposite  point  of  her 
orbit. 

69.  Her  q)parent  diameter  changes  from  9&  26"  to 
"^  38'  Wy  and  therefore  her  distance  from  the  Earth  changes. 

■  This  distance  may  be  discovqj^d  in  miles  by  means  of  her 
ptoallax. 

She  was  observed,  in  her  passage  over  the  meridian,  by 

■ '  two  astronomers,  one  of  whbm  was  at  Berhn,  and  the  other 
at  the  Cape  of  Good.Hq;)e.     These  two  places  are  distant 
from  one  'another  above  5000  miles ;  so  that  the  observer   - 
at  Berlin  sajv  the  Moon  every  day  considerably  more  to 

■   the  south  than  the  person  at  the  Cape.     This  difference  of  " 
apparent  declination  is  the  measure  of  the  airgle  p  SX]^*'; 
(Fig.  6.)  subtended  at  the  Mdbn  by  the  line  c  D  6f  Sfkl^V\ 
miles,  between  the  observers.     The  angles  S  J>c  and  S<?i)  * 
are  ^vcn  by  means  of  the   Moon^s  observed  altitudes. 
Therefore  any  of  the  sides  S  D  or  S  c  may  be  computed. 
It  is  found  to  be  nearly  60  semidiameters  of  the  earth. 

70.  By  combining  the  observations  of  the  Moon^s  place 
in  the  heavens  with  those  of  her  apparent  diameter,  we  dis- 
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cover  that  her  orbit  is  nearly  an  ellipsey  having  the  Earth 
in  cue  fiieua,  and  having  the  longer  axis  to  the  shorter  axis 
neuiy  as  91  to  89.  The  greatest  and  least  distances  ore 
neatly  in  the  proportion  of  21  to  19. 

71.  Her  motion  in  this  ellipse  is  such,  that  the  line  join- 
ing the  Eaith  and  Moon  describes  areas  which  are  nearly 
proportional  to  the  times.  For  her  angular  hourly  motion 
is  oboored  to  be  as  the  square  of  her  apparent  diameter. 

79.  The  line  of  the  apsides  has  a  slow  motion  eastward, 
completmg  a  revoliitiaa  in  about  3S3S*^  11^  14'  30%  nearly 
9  years. 

73.  Whik  the  Moon  is  thus  making  a  revolution  round    . 
die  heavens,  her  a  j^pearanoe  undergoes  great  changes.    She  . 
is  sometimes  on  our  meridian  at  midnight,  and,  therefore,-'  • 
xn  the  part  of  the  heavens  which  is  opposite  to  the  Sim,    . 
In  this  situation,  she  is  a  complete  luminous  circle,  and  is  • ' 
said  to  be  full.     As  she  moves  eastward,  she  becomes  de- 
ficient on  the  west  side,  and,  after  about  7^  days,  comes  to 
the  meridian  about  six  in  the  morning,  having  the  appear*  , 
once  of  a  semicircle,  with  the  convex  nde  next  the  Sun/  * 
In  this  state,  .her  appearance  is  called  half  moon.     Mov.    , 
ing  still  eastward,  she  becomes  mcx^  defident  on  the  west   • 
nde,  and  lias  now  the  form  of  a  crescent,  with  the  convex » 

■ 

slide  turned  towards  the  Sun.^    Thi^^cresoent  becomes. con-..  . 
tinually  more  slender,  till,  about  14  days  after  being  full, 
she  is  so  near  the  Snn,  that  she  cannot  be  sben  on  account 
of  his  great  splendour.    About  four  days  after  this  d^{)- 
pearance  in  the  morning  before  sunrise,  she  is  seen  in  the 
-  'Evening,  a4itt^  to  the  eastward  of  the  Sun,  in  the  form  of 
'.a'file'icrescetit,  with  the  convex  side  turned  towards  the 
•!'4mL.    Moving  still  to  the  dutward,  the  crescent  becomes 
/.snape  full;  and  when  the  Moon  comes  to  the  meridian 
about  six  in  the  evening,  she  has  agwi  the  appearance  of  * 
a  bright  semicircle.     Advancing  still  to  the  eastward,  she 
becomes  fuller  on  the  east  side,  and  at  last,  ^ter  about  29i 
dayti,  she  is  again  opposite  to  the  Sun,  and  again  full. 


■j\.; 
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74.  It  frequently  happens,  that  the  Moon  is  eclipses 
when  full ;  and  that  the  Sun  is  eclipsed  some  time  between 
the  disappearance  of  the  Moon  in  the  morning  on  the  west 
side  of  the  Sun,  and  her  reappearance  in  the  evening  on 
the  east  ^de  of  the  Sun.  This  eclipse  of  the  Sun  happens 
at  the  very  time  that  the  Moon,  in  the  course  of  her  revo- 
lution, passes  that  part  of  the  heavens  where  the  Sun  is. 

75.  Fnnn  these  observations  we  conclude,  1.  That  the 
Moon  is  an  opaque  body,  visible  only  by  means  of  the 
Sun'^s  light  illuminating  her  sur&ce ;  2.  That  her  orbit 
round  the  Earth  is  nearer  than  the  Sun^s. 

76.  From  these  prindples  all  her  phases,  or  appear- 
ances, may  be  explained  (Fig.  10.) 

77«  When  the  Moon  comes  to  the  meridian  at  mid-day, 
she  is  said  to  be  kew,  and  to  be  in  conjunction  with  the 
Sun.  When  she  comes  to  the  meridian  at  midnight,  she 
is  said  to  be  in  opposition.  The  line  joining  these  two 
situations  is  called  the  line  of  the  syzigies.  The  points 
where  she  is  lialf-illuminated  are  called  the  ciua]>eatubes  ; 
and  that  is  called  the  first  quadrature  which  happens  after 
new  Moon. 

78.  When  tfie  Moon  is  half  iUuminated,  the  line  E  M 
(Fig.  10.)  joining  the  Earth  and  Moon,  is  perpendicular  to 
the  line  M  S,  joinmg  jthe  Moon  and  Sun.  By  observing 
tlic  angle  S  £  M,  tlie  proportion  of  the  distance  of  the  Sun 
to  the  distance  of  the  Mpon  may  be  ascertained. 

This  method  of  ascertaining  the  Sun^s  distance  was  pro- 
posed by  Aristarchus  of  Samos,  about  S64  years  before  the 
Christian  era.  The  thought  was  extremely  ingenious,  and 
strictly  just ;  and  this  was  the  first  observaUon  that  gdve  , 
the  astronomers  any  confident*  guess  at  tlie  very  great  di^ 
tance  of  the  Sitn.  But  it  is  impossible  to  judge  of  the  haif- 
illumination  of  the  Moon'*s  disk  with  sufficient  accuracy  for 
obtaining  any  tolerable  measure.  Even  now,  when  assisted 
by  telescopes,  we  cannot  tell  to  a  few  minutes  when  the 
boundary  between  light  and  darkness  in  tlie  Moon  is  ex- 
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actl  J  a  stnigfat  Une.  When  this  really  happens,  the  elon- 
gation S£  M  wants  but  9"  of  a  right  angle,  axm  when  it  is 
abojgether  a  right  angle,  there  is  no  sensible  change  in  the 
qjpearance  of  the  Moon.  All  that  the  ancient  astronomers 
€oald  infer,  from  the  best  estimation  of  the  bisection  of  the 
Moon,  was,  that  the  Sun  was,  for  certain,  at  a  much  great- 
er dinranrp  than  any  person  had  supposed  before  that  time. 
Aristarehus  said,  that  the  angle  S  £  M  was  not  less  than 
87  degrees,  and  therefore  the  Sun  was  at  least  twenty  times 
farther  off  than  the  Moon.  But  astronomers  of  the  Alex- 
amirian  school  said,  that  the  angle  S  E  M  exceeded  89<>, 
and  the  Sun  was  axty  times  more  remote  than  the  Moon. 
Modem  observations  shew  him  to  be  near  four  hundred 
times  more  remote. 

IS-  This  suggcsti^  of  phases  is  completed  in  a  period 
of  29^  13^  44'  3",  called  a  sti^opical  month  and  a  luna- 
tion. 

It  may  be  ariced  here,  how  the  period  of  a  lunation 
comes  to  difler  from  that  of  the  Moon^s  revolution  roimd 
the  Earth,  which  is  accomplished  in  27'^  7^  43'  12"  ?  This 
is  owing  to  the  Sun^s  change  of  place  during  a  revolution 
q(  the  Moon.  Suppose  it  new  Moon,  and  therefore  the 
Sun  and  Moon  appearing  in  the  same  place  of  the  heavens. 
At  the  end  of  the  lunar  period,  the  Moon  is  again  in  that 
point  of  the  heavens.  But  the  Sun,  in  the  mean  time, 
has  advanced  above  27  degrees ;  and  somewhat  more  thxm 
two  days  must  elapse  before  the  Moon  can  overtake  the 
SuD,  so  as  to  be  seen  by  us  as  new  Moon. 

SO.  The  period  of  this  succession  of  phases  may  be 
fiimid  within  a  few  hours  of  the  truth  in  a  very  short  Ume. 
We  can  tell,  within  four  or^  five  hours,  the  time  of  the 
Mood  being  half-illuminated.  Suppose  this  observed  in 
the  morning  of  her  last  quarter.  We  shall  see  this  twice 
repeated  in  59  days,  which  gives  29^  12*^  for  a  lunation, 
wanting  about  three-fourths  ^of  on  hour  of  the  truth. 
About  4S3  years  before  the  Christian  cra,-Meton,  a  Greek 
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astrbnomerv  reported  to  the  states  assembled  at  the  Olynw' 
(no  gamesjPhat  in  nineteen  years  there  hqapened  exactly 
-  SS5  Iiinationa. 

.  81.  The  lunar  motionB  are  subject  to  several  irregukri- 

*  .  &S,  of  whidi  die  following  ore^e  chief : 
82.   1.  The  periSftdic  month  is  greater  when  the  Sub  jk   • 

in  perigee  than  when  in'  apogee,  the  greatest  '^fferenofc^  • 
being  dbout  24  minutes.  Tycho  Brahd  first  remarfe^d*  .< 
this  anomaly  of  the  lunar  motions,  and  called  tbf  corree-  * 

*  ^  tion  (depending  on  the  Sun's  place  in  his  orbit)  the  ah-   . 
* '  iMVAi  xaDATyiN^dr  the  Moon.  * 

,^.  ' ,  83w  2.  The  mean  period  is  less^thdn  it  was  in  andent 
•^■,  /times.  ■.  '  . 

£:• '  84. .'  8.'  The>orbit  ia  larger  when  the  Sun  is  in  perigee ... 
than  when  he  is  in  apogee.  ^ 

85.  4.  The  ortnt  is  more  eccentnc  when  the  Sun  is  in 
the  line  of  the  lunar  apsides ;  and  the  equation  of  the  ar« 
l»t  is  then  increased  nearly  "1^  2D^S4\    iThn  change  is 

'  qalled  the  evection.     It  was  discovered  by  tHdlemy. 

86.  5.  The  inclination  of  the  6rbit  chlmgte.- ;'  ^ 

87.  6.  The  Moon^s  motion  is' retarded -ift  the  first  and 
^third  quarters^  and  accelerated  in  the  second  and  last.    - 
'  This  anomaly'wtus  discovered  by  Tycho  Brah^,  who  (»U8 

it  the  VAatA?rioM.  •   '  • 

B8.    7.  The  motion  of  the  nodes  is  very  unequal. 

■  ■ 

Of  the  Kalendar. 

89.  'Astronomy,' like  all  other  sciences,  wa&first  pnEctisea'  I 
,  aa  an  art«  The  chief  object  of  this  art  was  .to  know  the 
seasons,  which,  as  we  have  seen,  depend  either  immediate- 
ly, or  more  remotely,  on  the  Sun's  motion  in' the  ecliptic 
A  ready  method  for  knowing  theileason  seems,  in  all  ages, 
to  have  been  the  chief  incitement  to  the  study  of  astrono- 
my. This  must  direct  the  labours  of  the  field,  the  ihigra- 
tions  of  the  sl\epherd,  and  the  joumies  of  the  traveller. 
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It  ifl  equally  necelttary  for  appointing  all  publip  meetings, 
and  for  recordings  vents.  ^^ 

Were  the  stars  viable  in  the  day-time,  it  would  be  easy 
tolnark>aIl  the  poc^ons  of  the  year  by  the  Sun^s  plaq|. 
among  thenL    When  he^is  on  the  foot  of  Castor,  it  is  micU     ^         * 
s^ldmer ;  and  nfid winter,  when  he  is  on  the  bow  of  Sagit^ 
tBnu&«  ■  Bht  this  cannot  be  done,  because  his  splendour 
edipKS  them  all. 

'  90.  The  best  approximation  wluch  a  rude  people  can 
make  to  this,  is  to  mark  the  days  in  which  the  stars  of  the 
Eodiac  come  first  in  sight  in  the  morlung,  in  the  eastern 
horiason,  immediately  before  the  Sun  rise.  As  he  gradu* 
ally  travels  eastward  along  the  ecliptic,  the  brighter  stars 
which  rise  about  three  quarters  of  an  hour  before  the  Sun, 
teay  be  seen  in  succession.  The  husbandman  and  the 
shepherd  were  thus  w&ied  of  the  succeeding  tasks  by  the 
appearance  of  certain  stars  before  the  Sun.  Thus,  in 
Egypt,  jthe  day.  was  prochumed  in  which  the  Dogstar  was 
first  seen  by  those  set  to  watch.  The  inhabitants  imme> 
diatcly  began  to  gather  home  their  wandering  flocks  and 
herds,  and  prepare  themselves  for  the  inundation  of  the 
Nile  in  twelve  or  fourteen  days.  Hence  that  star  was 
called  the  Watch-dog^  Thoth,  the  Guardian  of  Egypt 

This  was  therefore  a  natural  commencement  of  the  pe- 
riod of  seasons  in  Egypt;  and  the  interval  between  the 
successive  apparitions  of  Thoth,  has  been  called  the  natu* 
&AL  year  of  that  country,  to  distinguish  it  from  the  civil 
or^artificial  year,  by  which  all  records  were  kept,  but 
'trhich  had  little  or  no  alliance  with  the  seasons,  ft  has 
also  be^i  called  the  Canicular  year.  It  evidently  depends 
on  the  Sun's  situation  and  distance  from  the  Dog-star,  and 
must  therefore  have  the  same  period  with  the  Sun's  re- 
volution from  a  star  to  theltofnc  star  agun.  Thi^  requires 
366**  &"  S*  11",  and  difiers  firom  our  period  of  seasons. 
Hence  we  must  conclude,  that  the  riring  of  the  Dog-star 
is  not  an  infallible  presage  of  the  inundation,  but  will  be 
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found  fiuilty  after  a  long  course  of  ageH.    At  present  it 
happens  about  the  ISth  or  11th  of  July. 

This  observation  of  a  starts  first  ai^searance  in  the  year, 
jjpy  getting  out  of  the  dazzling  blaze  of  the  Sun,  is  caslled, 
the  hdiacal  firing  of  the  star.  The  ancient  ahnanacks  for 
directing  the  rural  labours  were  obliged  to  give  the  detaillpf 
these  in  succession,  and  a£  the  corro^xxiding  laboursk  He- 
siod,  the  oldest  poet  of  the  Greeks,  has  ^ven  a  very  minute 
detail  of  those  hdiacal  risings,  (ornamented  by  a  pleairing  de- . 
scription  of  the  sucoesmve  occupations  of  rural  life.  This  evi- 
dently required  a  very  considerable  knowledge  of  the  star- 
ry heavens,  and  of  the  chief  circumstances  of  diurnal  mo- 
tion, and  particularly  the  number  of  days  intervemng  be- 
tween the  first  a{qpearance  of  the  difieroit  constellatbns. 

Such  an  almanack,  however,  cannot  be  expected,  except 
among  a  somewhat  cultivated  people,  as  it  requires  a  Icmg 
continued  observation  of  the  revolution  of  the  heavens  in 
order  to  form  it ;  and  it  must,  even  among  such  p^ple,  be 
uncertain.  Cloudy,  or  even  hazy  weather,  may  prevent 
us  for  a  fortnight  from  seeing  the  stars  we  want. 

91.  The  Moon  comes  most  opportunely  to  the  aid  of 
ample  nations,  for  giving  the  inhabitants  an  easy  division 
and  measure  of  time.  The  changes  in  her  appearance  are 
so  remarkable,  and  so  distinct,  that  they  cannot  be  con- 
founded. Accordingly,  we  find  that  all  nations  have  made 
use  of  the  lunar  phases  to  reckon  by,  and  for  appointing  gU 
public  meetings.  The  festivals  and  sacred  ceremonies  of 
nmple  nations  were  not  all  dictated  by  superstition ;  l^ut 
they  served  to  fix  those  divisions  of  time  in  the  memory, 
and  thus  gave  a  comprehensive  notion  of  the  year.  All 
these  festivals  were  celebrated  at  particular  phases  of  the 
Moon-^generaliy  at  new  and  full  Moon.  Men  were  i^ 
pointed  t9  watch  her  first  appearance  in  the  evening,  after 
having  been  seen  in  the  morning,  rising  a  few  minutes 
before  the  Sun.  This  was  done  in  consecrated  groves, 
and  in  high  places ;  and  her  appearance  was  proclaimed 
^  5  •         ^ 
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Fomteoi  days  after,  the  festival  was  generally  held  duriiig 
JmBMoon,  Hence  it  is  that  the  first  day  of  a  Roman 
momh  was  named  kalxndje,  the  day  io  be  prodaimecL 
Thtey  taidpridie^  tcrtioj  quarto^  &c.  ante  cakndas  neof^e- 
moB  Martiaa »  the  thud,  fiiiurth,  &c.  before  proclaiming 
jSie  new  Mooo  of  March.  And.  the  assemblage  €i  months, 
with  the  amngement  of  all  the  festivals  and  sacrifices,  was 
called  a  kalenda&ium. 

Am  auperstitiaii  overran  all  rude  nations,  no  meeting 
was  held  indiout  sacrifices  and  other  religious  ceremonies 
«-lfae  watching  and  jMrodaiming  was  naturally  committed 
to  the  piiestfr— the  kalendar  became  a  sacred  thing,  con- 
nected with  the  worship  of  the  gods-«4ind,  long  before  any 
nodefate  knowledge  of  the  celestial  motions  had  been  ac- 
qiuied,  every  day  of  every  Moon  had  its  particular  sancti* 
ty,  and  its  aj^piropriated  oereuKHiies,  which  could  not  be 
tnuflfened  to  vnj  other. 

9SL  But  as  ]fet  there  seemed  no  precise  distinction  of 
nmnths,  nor  of  what  number  of  months  should  be  assem- 
bled into  one  group.  Most  nations  seem  to  have  observed 
that,  after  12  Moons  were  oqmpleted,  the  season  was  pretty 
much  the  same  as  at  the  beginning.  This  was  probably 
thou^t  exact  enough.  Accordingly,  in  most  imcient  na- 
tions, we  find  a  year  of  S54  days.  But  a  few  returns  of 
the  winter^s  cold,  when  they  expeated  heat,  would  shew 
that  this  coigecture  was  far  from  being  correct;  and  now 
began  the  embarrassment  There  was  no  di£Bculty  in  de- 
termining the  penod  of  the  seasons  exactly  enough,  by 
means  of  very  obvious  observations.  Almost  any  cottager 
has  obsoved  that,  on  the  approach  of  winter,  the  Sun  rises 
more  to  the  right  hand,  and  sets  mafd  to  the  left  every  day, 
the  piaoes  <^  his  riong  and  setting  coming  continually  nearer 
to  each  other ;  and  that,  after  rising  for  two  or  three  days 
bam  bdiind  the  same  object,  the  places  of  rising  and  set- 
ting again  gradually  separate  from  each  other.  By  such 
familiar  observatioos,  the  experience  of  an  ordinary  life  is 

Vol.  hi.  C  * 
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niffiomt  for  detenniiiing  the  period  ef  thm  maoM  mdi 
abundant  accuracy.  The  di£Bculty  was  to  acooiii{ilkh  Ibe 
fecondiliatton  of  this  period  with  the  sacred  ^le  of  moiithS) 
eadi  da  j  of  which  was  consecrated  to  a  particular  deity, 
jealous  of  his  honours.   Thus  the  Hiero{dumtie  sdenoe,  and 

^  the  whole  art  of  kslmdai'innkiTig,  were  necessarily  eptmsted 
to  the  priests.  We  see  this  in  the  history  of  all  narkms^ 
Jews,  Pagans,  and  Christians. 

03.  Various  have  been  the  cootnTaaces  of  difierent  na- 
tions. The  Egyptians,  and  some  of  the  at 
Orientals,  seem  early  to  have  known  that  the  period  of 
sons  considerably  exceeded  13  months,'  and  contained  966 
days.  They  made  the  civil  year  consist  of  12  months  of 
SO  days,  and  added  6  complimentary  days  without  OBre>* 
monies ;  and  when  more  experience  convinced  them  that 
the  year  ocmtained  a  fraction  of  a  day  more,  they  made  no 
change,  but  made  the  people  believe  that  it  was  an  im-i 
provement  on  their  kalendar,  that, their  great  day,  the  first 
of  Thoth^  by  fidling  back  one  day  in  four  periods  of  sea- 

-  sons,  would  thus  occupy  in  succession  every  day  of  the 
year,  and  thus  sanctify  the  whde  in  1461  years,  as  they 
imagined,  but  really  in  14S5  of  their  dvil  years.  We 
have  but  a  very  imperfect  knowledge  of  the  airangement  of 
their  festivak.  Indeed  they  were  totally  different  in  al- 
most every  city.  # 

It  is  important  to  the  asUnonomer  to  know  tMa  method  of 
reckoning ;  because  all  the  observations  of  Hippanshus  and  ' 
Ptolemy,  and  all  those  which  they  have  quoted  from  the 
Chaldeans,  Persians,  &c.  arenreoorded  by  it.    In  An.  Dom. 
940,  the  first  day  of  Tboth  fell  on  the  first  of  January,  and 
another  Egyptian  year  commenced  on  the  Slst  of  Decern- 
hev  of  that  year.     From  this  datum  it  is  easy  to  reckon 
back  by  yea»  of  S65  days,  and  to  say  on  what  day  of  what 
month  of  any  of  our  years  the  first  day  of  Thodi  falls,  and 
this  wandering  year  commences. 
94.  The  Greeks  have  been  much  mora  puzzled  with  the 
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ibraMlioB  of  ft  limiaolar  year  than  the  Egypliai^  Sdongol 
an  eraek  to  dmct  hk  Athaniftiis  (594  years  before  our  «f»), 

Amamv  Vfm,  mm^m  'EXm^  »•«»  SiAinif,  mmt  mmrm  ^f«f«      The  llimn 

ji^  of  wUch  eeems  to  be,  to  regulate  their  year  by  the 
Swtk^  or  acaaons,  their  months  by  the  Moon,  and  their  Sm^ 
tirala  by  die  days«  Obaervii^  that  59  days  made  two 
mooths,  he  made  these  alternately  of  SO  and  of  89  day«| 
vftMi  and  mtAms.  full,  and  deficient ;  and  the  30th  day  of  a 
mcotb,  the  ^^mMst,  was  called  ivn  jpm  m«,  fu^mm,  as  it  belonged 
to  both  months. 

But  this  was  not  suffici^tly  ^accurate ;  and  the  Olynu 
pic  games,  cdebrated  on  every  fourth  year,  during  the  AiU 
Moon  nearest  to  midsummer  day,iiad  gone  into  great  eoiw 
fuuoD.  The  Hieraphants,  whose  proclamation  to  all  the 
states  asaemUed  the  chiefs  togeth^,  had  not  skill  enough 
to  Iceep  them  from  gradually  falling  into  the  autumn  nvspthiSi 
lopdicious  correcdons  were  made  from  time  to  time^  by 
rules  for  inserting  months  to  Ining  things,  to  ri^ts  again. 
It  deaenres  to  be  remarked  here,  that  this  is  the  way  ii| 
wUch  the  andent  astronomy  improved,  befiire  the  establish- 
ment  of  the  Alexandrian  sdiool.  It  was  not  by  a  moire  acr 
curate  observation  of  the  motions,  as  in  modem  times,  but 
by  disDovering  the  erron,  whoi  they  amounted  to  an  unit 
of  the  acak  on  whidi  they  were  measured.  The  a3tranoi> 
mers  then  improved  thar  future  computations  by  repeated* 
ly  cutting  off  this  unit  of  aocumuleted  error. 

95.  All  diese  eontrivaiices  were  publicly  proposed  at  the 
meeting  of  the  States  for  the  Olympic  Games.  This  waa 
an  occaaioD  peculiarly  pvoper,  and  here  the  scheme  of  HUr 
ton  waa  xecehred  with  just  apfdause.  For  Meton  not  only 
gave  his  countrymen  a  very  exact  determination  of  the 
lunar  month,  but  acoompanied  it  with  a  sdieme  of  inteicar 
latioo,  by  whidi  all  thdr  festivals,  religious  and  civil,  weif 
arranged  so  as  to  have  very  small  diskications  from  the  dfiyf 
of  new  and  full  Moon.  As  this  had  hitherto  been  a  matter 
of  insuperable  difficulty,  Meton  was  declared  victor  in  the 


S6  ASTBOKOKICAL  PHEKOMEKA. 

fint  department,  a  statue  was  decreed  him,  and  his  arrange- 
ment of  the  festivals  was  inscribed  on  a  jnllar  of  marble,  in 
letters  of  gold*  This  has  occasioned  the  number  expres- 
ring  the  current  year  of  the  cycle  of  19  years  (called  the 
Metonic  cycle)  to  be  called  die  Golden  Number.  This 
scheme  of  Meton'^s  was  indeed  very  judicious,  though  in- 
tricate, because  he  arranged  the  interpolation  of  a  month 
•o  as  never  to  remove  the  first  day  of  the  month  two  days 
ftom  the  dme  of  new  Moon,  whereas  it  had  often  be^  a 
week. 

The  Metonic  cycle  commenced  on  16th  July,  433  years 
before  the  be^nning  of  the  Christian  sera,  at  48  minutes 
past  seven  in  the  morning,  that  being  the  time  of  new 
Moon.  The  first  year  of  each  cycle  is  that  in  which  the 
fiill  Moon  of  its  first  month  is  the  nearest  to  the  summer 


.  96.  The  Roman  kalendar  was  in  a  much  worse  condition 
than  the  rudest  of  the  Greeks.  The  superstitious  venera- 
tion fi>r  their  ceremonies,  or  their  passion  for  public  sports, 
had  diverted  the  attention  of  the  Romans  (who  never  were 
cultivators  or  graziers)  from  the  seasons  altogether.  They 
were  contented  with  a  year  of  ten  months  for  several  cen- 
turies, and  had  the  most  absurd  contrivances  for  producing 
some  conformity  with  the  seasons.  At  last,  that  accom- 
plished general,  Julius  Csesar,  having  attained  the  hdght 
of  his  vast  ambition,  resolved  to  reform  the  Roman  kalen- 
dar. He  was  profoundly  skilled  in  astronomy,  and  had 
written  some  dissertations  on  difierent  branches  of  the 
sdence,  which  had  great  reputation,  but  are  now  lost  He 
had  no  superstitious  or  reli^ous  qualms  to  disturb  him,  and 
was  determined  to  make  every  thing  yield  to  the  great  pur* 
pose  of  a  kalendar,  its  use  in  directing  the  occupations  of 
the  people,  and  for  recording  the  events  of  history.  He 
took  the  help  of  Sosigenes,  an  astronomer  of  the  Alexan- 
drian sdiool,  a  man  perfectly  acquainted  with  all  the  dis- 
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GO?erks  of  Hipparchus  and  others  of  that  celebrated 
dcsDj. 

These  eminent  scholars,  knowing  that  the  period  of  sea- 
sons oocufMed  368  days  and  a  quarter  very  nearly,  made  a 
short  cyde  of  4  years,  containing  three  years  of  365,  and 
one  of  366  days;  thus  cutting  oflp,  in  the  Gredan  manner^ 
die  enor,  when  it  amounted  to  a  whole  day.  Caesar  le* 
aolml  also  to  diange  theb^;inning  of  the  year  from  March, 
where  Bomulus  had  placed  it  in  honour  of  his  patron  Mars, 
to  the  winter  solstice.  This  is  certainly  the  most  natural 
way  of  estimating  the  commencement  of  the  year  of  seasons. 
What  we  are  most  anxious  to  ascertain  is  the  predse  day 
when  the  Sun,  after  having  withdrawn  his  cheering  beams, 
and  exposed  us  to  the  uncomfortable  cold  and  storms  of 
winter,  begins  to  turn  toward  us,  and  to  bring  back  the 
pleasmies  of  spring,  and  by  his  genial  warmth  to  give  us  the 
hopesof  another  season  of  productive  fertility.  Caesar  there* 
fore  chose  for  the  beginning  of  his  kalendar,  a  year  in 
whidi  there  wbs  a  new  Moon  following  dose  upon  the  win- 
ter solstioe.  This  opportunity  was  afforded  him  in  the  se- 
cond year  of  his  dictatorship,  and  the  707th  year  from  the 
fiaundation  of  Rome.  He  found  that  there  would  be  a  new 
Moon  six  days  after  the  winter  solstice.  He  made  this 
new  Moon  the  1st  of  January  of  his  first  year.  But,  to  do 
thi%  he  was  obliged  to  keep  the  preceding  year  dragging 
on  90  days  longer  than  usual,  containing  444  days,  instead* 
of  the  old  number  354.  As  all  these  days  were  unprovided 
with  solemnities,  the  year  preceding  Caesar^s  calendar  was 
called  the  year  of  coKfuAon.  Caesar  also,  for  a  particular 
reason,  chose  to  make  his  first  year  consist  of  366  days,  and 
he  inserted  the  intercalary  day  between  the  S3d  and  24th 
of  February,  choodng  that  particular  day,  as  a  separation 
of  the  lustrations  and  other  piaculums  to  the  infernal  deities^ 
whidi  ended  with  the  23d,  from  the  worship  of  the  celes- 
tial deities,  which  took  place  on  the  24th  of  February.  The 
34th  was  the  sexiva  cmte  kakndas  neomenias  Martias,   His 
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knerted  day,  answmng  civil  purposes  idone,  had  no  oere- 
tnonies,  nor  any  name  appropriated  to  it,  and  was  to  be 
oonndered  merely  as  a  supernumerary  sextus  anie  kaknias. 
Henoe  the  year  which  had  this  intercalation  was  styled  an 
arnma  hUsertUiSy  a  lussextile  year.  With  respect  to  the 
rest  of  the  year,  Csesar  being  also  Pbntifex  Maximus  (an 
office  of  vast  political  importance),  or  rather,  having  all  the 
power  of  the  state  in  his  own  person,  ordered  that  attention 
should  be  given  to  the  days  of  the  month  oidy,  and  that 
the  religious  festivals  alone  should  be  regulated  by  the  sa- 
cred college.*  He  assigned  to  each  month  the  number  of 
days  which  has  been  continued  in  them  ever  rince. 

97.  Such  is  the  simple  calendar  of  Julius  Cs&sar.  Simple 
however  as  it  was,  his  instructions  were  misunderstood,  or 
not  attended  to,  during  the  horrors  of  the  civil  wars.  In- 
stead of  intercalating  every  fourth  year,  the  intercdation 
was  dirioe  made  on  every  succeeding  third  year.  The 
mistake  was  discovered  by  Augustus^  and  ccnrrected  in  the 
best  manner  possible,  by  omitting  three  intercalations  dur- 
ing the  next  twelve  years.  Since  that  time,  the  kalendar 
has  been  continued  without  interruption  over  all  Eiutipe 
till  1582.  The  years,  oonmting  of  365^  days,  were  called 
Juiian  years ;  and  it  was  ordered,  by  an  edict  of  Augus- 
tas, that  this  kalendar  shall  be  used  through  the  whde 
empire,  and  that  the  years  diall  be  reckoned  by  the  leigns 
<if  the  diilferent  empennrs.  This  edict  was  but  imperfectiy 
executed  in  the  distant  provinces^  where  the  native  princes 
were  aDowed  to  hold  a  vassal  sovereignty.  In  Egypt  par- 
ticularly, although  the  court  obeyed  the  edict,  the  peqffc 
fefiowed  their  former  kalendars  and  epodis.    Ptolemy  the 

'  aatronomer  retains  the  reckoning  of  Hipparchus,  by  Egyp« 
tian  years,  reckoned  from  the  death  of  Alexander  the 
Oraat.  We  must  understand  all  these  modes  of  computa- 
tion,  in  order  to  make  use  of  the  andent  astronomical  ob- 

mrvations.    A  comparison  of  the  different  epochs  will  be 

gb'sn  as  we  finidi  the  subject 
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98.  Tbe  era  adi^ited  by  the  Romau  Empire  when  Chris** 
tinitjr  became  the  religion  pf  the  state,  was  not  finally  set- 
tled till  a  gcxid  while  after  Ci»istantine.  Dionysius  £xl- 
guus,  a  French  monk,  after  consulting  all  proper  docu^ 
meats,  oonsiders  the  25th  of  December  of  the  forty-fifth 
year  of  Julius  Ceesar  as  the  day  of  our  Saviour^s  nativity. 
The  Ist  of  January  of  the  forty-sixth  year  of  Csesar  is 
thefefise  the  b^;inning  of  the  era  now  used  by  the  Chris^ 
dan  world.  Any  event  ha{^ning  in  this  year  b  dated  anno 
Domiai  primo.  As  Caesar  had  made  his  first  year  a  bissex- 
tile, the  year  of  the  nativity  was  also  bissextile ;  and  the 
first  year  of  our  era  be^ns  the  short  cycle  of  four  years,  so 
that  the  fourth  year  of  our  era  is  bissextila 

That  we  may  connect  this  era  with  all  the  others  enip 
ployed  by  asdmioniers  or  historians,  it  will  be  enough  to 
kaow  ibat  this  first  year  of  the  Christian  era  is  the  4714th 
of  the  Julian  period. 

It  oomcides  with  the  fourth  year  of  the  194th  Olympiad 
UU  midsummer. 

It  coincides  with  the  75dd  ab  urbe  conditay  till  April 
2leL 

It  coincides  with  the  748th  of  Nabonassar  till  August 
23d. 

It  ccanddes  with  the  324th  civil  year  of  Egypt,  reckoned 
from  the  death  of  Alexander  the  Great. 

In  Che  arrangement  of  epochs  in  the  astronomical  tables, 
the  years  before  the  Christian  era  are  counted  backwards, 
calling  the  year  of  the  nativity  0,  the  preceding  year  1,  &c. 
But  chronologists  more  frequently  reckon  the  year  of  the 
nativity  the  first  bdore  Christ.     Thus, 

Yesrsof  Cwaar 41,  42,  43,  44,  46,  46,  47,  48,  49 

AftiDnom^s 4,    3,     2,     1,     0,     1,     2,    8,     4 

Chranok^ists 5,    4,    3,    2,     1,     1,    iS,    S,     4 

This  kalendar  of  Julius  Caesar  has  manifest  advantages 
in  respect  of  simplicity,  and  in  a  short  time  supplanted  all 
others  aniong  the  western  nations.    Many  other  nations  had 
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perceived  that  the  year  of  seasons  oontained  more  than  S65 
days,  but  bad  not  fallen  on  easy  methods  of  making  the 
correction.  It  is  a  very  remarkable  fact,  that  the  Mexi« 
cans,  when  discovered  by  the  Spaniards,  employed  a  cyde 
which  supposed  that  the  year  contained  365 j^  days.  For, 
at  the  end  of  fifty-two  years,  they  add  thirteen  days,  which 
is  equivalent  to  adding  one  every  fourth  year.  In  their  hier- 
Oj^jrphical  annals,  their  years  are  grouped  into  parcels  of 
four,  each  of  which  has  a  particular  mark. 

99.  But  although  the  Julian  construction  of  the  dvil 
year  greatly  excelled  all  that  had  gone  before,  it  was  not 
perfect,  because  it  contuned  11^  14^"  more  than  the  pmod 
of  seasons.  This,  in  128  years,  amounts  exactly  to  a  day. 
In  1583,  it  amounted  to  12^  7^.  The  equinoxes  and  sol- 
stices no  longer  ha[^ned  on  those  days  of  the  month  that 
were  ifatended  for  them.  The  celebration  of  the  church 
festivals  was  altogether  deranged.  For  it  must  now  be  re- 
marked, that  there  occurred  the  same  embarrassment  on 
account  of  the  lunar  months,  as  formerly  in  the  Pagan 
world. 

The  Council  of  Nice  had  decreed  that  the  great  festival, 
Easter,  should  be  celebrated  in  conformity  with  the  Jew- 
isli  passover,  which  was  regulated  by  the  new  Moon  fol- 
lowing the  vernal  equinox.  All  the  principal  festivals  are 
regulated  by  Easter  Sunday.  But  by  the  deviation  of  the 
Julian  kalendar  from  the  seasons,  and  the  words  of  the  de- 
cree of  the  Nicene  Council,  the  celebration  of  Easter  lost 
all  connexion  with  the  Passover.  For  the  decree  did  not 
say,  *  The  first  Sunday  after  the  full  Moon  following  the 
vernal  equinox,  but  the  first  Sunday  after  the  full  Moon 
following  the  21st  of  March.'  It  frequently  happened 
that  Easter  and  the  Passover  were  six  weeks  apart  This 
was  corrected  by  Pope  Gregory  the  XIII.  in  1688,  by 
biinging  the  31st  of  March  to  the  equinox  again.  He 
first  cut  off  the  ten  days  which  had  accumulated  since  tlie 
Council  of  Nice;  and,  to  prevent  this  accumulation,  he 

5 


XmBOBS  OT  THE  JCTLIAK  KKLVHI^U.  41 


dbected  the  intercalafaon  of  a  bissextile  to  be  omitted  on 
ewtfj  oentixrial  year.  But  the  error  of  a  Julian  oentuiy 
rmfaiwing  36585  days,  is  not  a  whole  day,  but  IS**  4(K. 
Tharefore  the  oorrectkm  introduces  an  error  of  6^  8(K.  To 
|ffev0[it  this  fix3m  accumulating,  the  omission  cf  the  oen- 
toiial  intocalatioii  is  limited  to  the  centuries  not  di- 
vnbk  by  four.  Therefore  1600,  8000,  8400,  be.  are 
sdU  bisKxtile  years ;  but  1700,  1800,  1900,  2100,  2800, 
&C.  are  common  years ;  There  still  remains  an  error, 
amounting  to  a  day  in  144  centuries. 

The  kakndar  is  now  suffidently  accurate  fen-  all  purposes 
oThntory  and  record,  and  even  for  astronomy,  because  the 
tropical  year  of  seasons  is  subject  to  a  periodical  inequality. 

100.  A  oonection,  much  more  accurate  than  the  Gre- 
gorian, occuned  to  Omar,  a  Persian  astronomer  at  the 
court  cff  Prince  Gelala  Eddin  Melek  Schah.  Omar  pro- 
posed always  to  delay  to  the  thirty-third  year,  the  interca- 
lation which  should  have  been  made  in  the  thirty-second. 
This  is  equivalent  to  omitting  the  Julian  intercalation  al- 
together on  the  128th  year.  This  method  is  extremely 
simple,  and  scrupulously  accurate.  For  the  error  of 
ir  15'^  of  the  Julian  year  amounts  precisely  to  a  day  in 
128  years.  It  differs  from  the  truth  only  one  minute  in 
120  years.  This  anrection  took  place  in  A.  D.  1079,  at 
the  same  time  that  the  Arab  Alhazen  was  reforming  the 
science  of  astronomy  in  Spain. 

The  Gr^orian  calendar,  however,  has  less  diance  of 
being  forgotten  or  mistaken.  Centurial  years  are  remark- 
able, and  call  the  attention,  even  by  the  unusual  sound  of 
the  words.  The  thirty-second  year  has  nothing  remark. 
aUe,  and  may  be  overlooked. 

101.  It  now  appears  that  certain  attentions  are  necessary 
Sat  avoiding  mistakes,  when  we  would  appeal  to  very  dis- 
tant observations.  We  must  know  the  accurate  interval, 
however  large.  Although  one  hundred  Julian  years  con- 
tain 36^585  days,  we  must  keep  in  mind,  that  between 
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1500  and  1600  ten  days  are  waDting ;  and  that  eacb  of 
the  centuries  1700  and  1800  also  want  a  day.  The  inter* 
yal  fnun  the  banning  oLour  era,  and  A.  D.  ISSi^  needs 
no  attention;  but  that  between  1505  and  1805  wants 
twdve  days  of  three  Julian  centuries. 

102.  We  must  also  be  careful,  in  uang  the  ancient  ob- 
servations, to  connect  the  years  of  our  Lord  with  the  years 
before  Christ  in  a  proper  manner.  An  eclipse  mentioned 
by  an  astronomer  as  having  happened  on  the  1st  a£  Fe- 
bruary, anno  8tio  A.  C.  must  be  considered  as  happening 
in  the  forty-seomd  year  of  Julius  Csssar.  But  if  the  same 
thing  is  mentioned  by  a  historian  or  chronolo^t,  it  ia 
inueh  more  i»obalde  that  it  was  in  the  forty-third  year  of 
Csesar.  It  was  chiefly  to  prevent  all  ambiguities  of  this 
kind  that  Scaliger  contrived  what  he  called  the  Julian  pefiod. 
This  is  A  number  made  by  multiplying  together  the  num- 
bers called  the  Lunar ^  or  MeUmic  cycle^  the  ^olar  cycU^  and 
the  undicHon.  The  lunar  cycle  is  IQ^  and  the  first  year  c^ 
our  Lord  was  the  second  of  this  cycle.  The  solar  cycle  is 
38,  being  the  number  of  years  in  which  the  days  of  the 
month  return  to  the  same  days  of  the  week.  As  the  year 
contains  fifty-two  weeks  and  one  day,  the  first  day  of  the 
year  (or  #ny  day  of  any  month)  falls  back  in  the  week  <me 
day  every  year,  till  interrupted  by  the  intaxsalation  in  a 
biflsextile  year.  This  makes  it  fidl  back  two  di^s  in  that 
year ;  and  therefore  it  will  not  return  to  the  same  day  Ull 
after  four  times  seven,  cht  twenty-dght  years.  The  first 
year  of  our  Lord  was  the  tenth  of  this  cycle.  The  inpjc- 
xioN  is  a  cycle  of  fifteen  years,  at  the  beginning  <^  which 
A  tax  was  levied  over  the  Roman  empire.  It  took  place 
A.  D.  81^ ;  and  if  reckoned  backward,  it  would  have  be- 
gun three  years  before  the  Christian  era.  The  year  of 
this  f^cle,  for  any  year  of  the  Christian  era,  will  therefore 
be  had  by  adding  three  to  the  year,  and  dividing  by  fif- 
teen.    The  product  of  these  three  numbers  is  7980 ;  and 

it  16  jj^ain,  that  tins  number  of  years  must  dapse  before  a 
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ycir  esD  krye  the  same  place  in  all  the  three  cycles.  If, 
thcrefciey  we  know  the  place  of  these  cycles,  belonging 
toasj  year,  we  can  tell  what  year  it  is  c£  the  Julian  pe- 
riod. 

Tfae  first  year  of  our  era  was  the  second  of  the  lunar 
cyde,  the  tenth  of  the  solar,  and  the  fourth  of  indictioa, 
and  the  4714th  of  the  Julian  period.  By  this  we  may  ar- 
range aD  the  remarkaUe  eras  as  follows : 

J.  P.       0      1>     I.       A.  C. 

Eia  of  the  Olympiads 8938      18    5    8      775,776 

FonndatkmofRoQie ^961       IS    9    1       75S»753 

Nabonassar 3967      19  16    7      746,747 

Death  of  Alexander 4890  888,324 

Fnrai  of  Jnlins  Cmar 4669      SI  14    4        44,  4« 

A.DoDi.1 4714      10    «    4 

209.  Did  the  Metonic  cyde  of  the  Moon  correspond  ex- 
Kdy^  with  our  year,  it  would  mark  for  any  year  the  num* 
ber  of  years  whkh  have  elapsed  since  it  was  new  Moon  on 
die  Isi  of  January.  But  its  want  of  perfiact  aocurarjr,  the 
TManity  of  an  intocalation,  and  the  lunar  equations,  some- 
times cause  an  error  of  two  days.  It  is  much  used,  how* 
ever,  for  ordinary  calculations  (or  the  Churdi  hcdidaya. 
To  find  the  gold^i  number,  add  one  to  the  year  of  our 
liOfd,  dmde  the  sum  by  19f  the  remainder  is  the  golden 
number.  If  there  be  no  remainder,  the  gdden  nnmber 
is  19. 

104.  Another  number, 'called  Epact,  is  also  used  far  £a. 
ctliraring  the  calculation  of  new  and  full  Moon  in  a  gross 
way.  The  epact  is  nearly  the  Moon^s  age  on  the  1st  of 
January.  To  find  it,  multiply  the  golden  number  by  11, 
add  19  to  the  product,  and  divide  by  30.  The  remainder 
is  tfaeepact 

Eooinsg,  by  the  epact,  the  Moon^s  age  on  the  1st  of 
January,  and  die  day  of  the  year  corresponding  to  any  dxy 
of  a  month,  it  is  eagy  to  find  the  Moon^s  age  on  that  day, 
by  dividing  the  double  of  the  sum  of  tUs  ntiasber  and  the 
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epact  by  59.    The  half  remainder  is  nearly  the  Mocm^s 
age. 

Although  these  rude  computations  do  not  correspond 
vith  the  motions  of  the  two  luminaries,  they  deserve  notice, 
being  die  methods  employed  by  the  rules  of  the  dimch 
for  settling  the  moveable  church  festivals. 

Of  the  prcper  Motions  of  the  Planets. 

105.  The  planets  are  observed  to  change  thdr  situations 
in  the  starry  heavens,  and  move  among  the  signs  of  the  zo- 
diac, never  receding  far  from  the  eclipdc. 

Th&r  motions  are  exceedingly  irregular,  as  may  be  seen 
by  Fig.  11,  which  represents  the  motion  of  the  planet 
Jupiter,  from  the  beginning  of  1708  to  the  beginning  of 
1710.  £  K  represents  the  ecliptic,  and  the  initial  letters 
of  the  months  are  put  to  those  points  of  the  apparent  path 
where  the  planet  was  seen  on  the  first  day  of  each  month. 

It  appears  that,  on  the  1st  of  January  1708,  the  planet 
was  moving  slowly  eastward,  and  became  stationary  about 
the  middle  of  the  month,  in  the  second  degree  of  Libra. 
It  then  turned  westward,  gradually  increasing  its  westerly 
motion,  till  about  the  middle  of  March,  when  it  was  in 
opposition  to  the  Sun,  at  R,  all  the  while  deviating  farther 
from  the  ecliptic  toward  the  north.  It  now  slackened  its 
westerly  motion  every  day,  and  was  again  stationary  about 
the  20th  of  May,  in  the  twenty-second  degree  of  Virgo, 
and  had  come  nearer  to  the  ecliptic.  Jupiter  now  moved 
eastward,  nearly  parallel  to  the  ecliptic,  gradually  acceler- 
ating in  his  motion,  till  the  beginning  of  October,  when  he 
was  in  conjunction  with  the  Sun  at  D,  about  the  eleventh 
degree  of '  Libra.  He  now  slackened  his  progressive  mo- 
tion every  day,  till  he  was  again  stationary,  in  the  second 
degree  of  Scorpio,  on  the  12th  or  13th  of  February  1709- 
He  then  moved  westward,  was  again  in  opposition,  in  the 
twenty-seventh  degree  of  Libra,  about  the  middle  of  April. 
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He  became  statioDaiy,  about  the  end  of  June,  in  the  twen- 
t]r-&st  degree  of  Libra ;  and  from  this  place  he  again  [nro- 
ceeded  eastward ;  was  in  conjunction  about  the  b^^ning 
of  Norember,  yery  near  the  star  in  the  southern  scale  (^ 
Libia;  and,  cm  the  1st  of  January  ITIO,  he  was  in  the 
twenty-fijurth  degree  of  Scorpio. 

This  figure  will  very  nearly  correspond  with  the  ^par- 
ent motions  of  the  planet  in  the  same  months  of  1808  and 
1804.  Jupiter  will  go  on  in  this  manner,  forming  a  loop 
in  his  path  in  every  thirteenth  month ;  and  he  is  in  oppo- 
sition to  the  Sun,  when  in  the  middle  of  each  loop.  His 
legiess  in  each  loop  is  about  10  degrees,  and  his  progres- 
me  motioQ  is  continued  about  40  degrees.  He  gradually 
approaches  the  ecliptic,  crosses  it,  deviates  to  the  south- 
ward, thai  returns  towards  it ;  crosses  it,  about  six  years 
after  his  fanner  crossing,  and  in  about  twelve  years  comes 
to  where  he  was  at  the  banning  of  these  observations. 

106.  The  other  planets,  and  particularly  Venus  and 
Mercury,  are  still  more  irregular  in  their  apparent  motions, 
and  have  but  few  circumstances  of  general  resemblance. 

The  first  general  remark  which  can  be  made  on  these 
intricate  motions  is,  that  a  planet  always  appears  largest 
when  in  the  pcnnts  R,  R,  R,  which  are  in  the  middle  of 
its  retrograde  motions.  Its  diameter  gradually  diminishes, 
and  becomes  the  least  of  all  when  in  the  points  D',  Jy,  I>, 
wiucfa  are  in  the  middle  of  its  direct  motions.  Hence  we 
infer,  that  the  planet  is  nearest  to  the  Earth  when  in  the 
middle  of  its  retrograde  motion,  and  farthest  from  it  when 
in  the  middle  of  its  direct  motion. 

It  may  also  be  remarked,  that  a  planet  is  always  in  con- 
junction with  the  Sun,  or  comes  to  our  meridian  at  noon, 
when  in  the  middle  of  its  direct  motions.  The  planets 
VcDQs  and  Mercury  are  also  in  conjunction  with  the  Sun 
when  io  the  middle  of  their  retrograde  motions.  But  the 
planets  Mars,  Jupiter,  and  Saturn,  are  always  in  opposi- 
tion to  the  Sun,  or  come  to  our  meridian  at  midnight. 
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when  in  tlie  mkUDe  of  their  retrograde  motiam. .  Their  ri- 
totttionft  also,  when  stationary,  -are  always  similar,  relative 
Id  the  Sun.     These  appearances  in  all  the  j^anetary  s». 
tions  have  tfierefbre  an  evident  relation  to  the  Stm^s  pboe. 
107.  The  ancient  astronomers  ware  of  opinion,  that  tbe 
perfection  of  nature  required  all  motions  to  be  uniform,  as 
fiur  aiB  the  purpose  in  view  woidd  permit     The  pknetaiy 
motions  must  therefore  be  uniform,  in  a  figure  that  ii^uni- 
fimn ;  and  the  astronomers  maintained,  that  the  observed 
ffregularities  were  only  apparent.     Thdr  method  fcnr  re- 
conciling these  with  their  piindple  of  perfection  b  very  ob- 
viously suggested  by  the  representation  here  given  of  the 
notion  of  Jupiter.     They  taught,  that  the  planet  moves 
uniformly  in  the  drcumferenoe  of  a  circle  qrs  (Fig.  IS  ) 
in  a  year,  while  the  centre  Q  of  this  drcle  is  carried  imi- 
fermly  round  the  Earth  T,  in  the  circumference  of  another 
drck  Q  A  L.     The  circle  Q  A  L  is  called  the  DErxRsvr 
CIRCLE,  and  qrs  in  called  the  epictcle.    They  explained 
the  deviation  from  the  ecliptic,  by  saying,  that  the  deferent 
and  the  qiicydie  were  in  planes  different  from  that  of  tiie 
ediptic.    By  various  trials  of  different  proportions  of  the 
deferent  and  the  epicycle,  they  hit  on  such  dimensions  as 
produced  the  quantity  of  retrograde  motion  that  was  ob- 
served to  be  combined  with  the  general  progress  in  the 
order  of  the  signs  of  the  zodiac.— But  another  inequality 
was  observed.    The  arch  of  the  heavens  intercepted  be- 
tween two  suceesflive  oppositions  of  Jupter  (for  example), 
was  observed  to  be  variable,  being  always  less  in  a  certain 
part  of  the  zodiac,  and  gradually  increa^ng  to  a  maximum 
state  in  the  opposite  part  of  the  zodiac. 

In  order  to  correspond  with  this  second  iNEauALirr, 
as  it^was  called,  and  yet  not  to  imply  any  inequality  of  the 
motion  of  the  epicycle  in  the  circumference  of  the  deferent 
circle,  the  astronomers  placed  the  Earth  not  in,  but  at  t 
certain  distance  from,  the  centre  of  the  deferent ;  so  that 
an  equal  arch  between  two  succeeding  oppositions  should 
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nblHid  a  smaller  anglei  when  it  is  on  the  other  side  of 
that  oatie.  Tbusy  the  unequal  motion  of  the  qpi^de 
vas  ophuoed  in  the  same  way  as  the  Sun^s  unequal  mo« 
tioB  in  hia  annual  orbit  The  line  drawn  through  the 
fiBrth  and  the  csentre  of  the  deferent  is  called  the  line  of 
the  pkoKtrs  apsides,  and  its  extremities  are  called  the  apa* 
gm  and  ferigee  of  the  deferent  as  in  the  case  of  the  Sun^a 
ariiir(54i)  In  this  manner,  they  at  last  composed  a  set 
of  moCicHis  which  agreed  tolerably  well  inth  observation. 

The  celebrated  geometer  Apolkmius  gave  very  judicious 
directions  how  to  proportion  the  epicycle  to  the  drferent 
aide.  But  they  seem  not  to  have  been  attended  to,  even 
by  Ptoiemy ;  and  the  astronomers  remained  very  ignorant 
of  any  method  of  construction  which  agreed  sufficiently 
with  the  phenomena,  till  about  the  thirteenth  century, 
when  the  doctrine  of  epicycles  was  cultivated  with  more 
care  and  skilL 

A  very  full  and  distinct  account  is  given  of  all  the  in- 
gemoos  contrivances  of  the  ancient  astronomers  for  ex[dain- 
ing  the  irregularities  of  the  celestial  motions,  in  the  first 
part  (rf*  Dr  Small's  Hisiory  of  the  Discoveries  of  KepUry 
published  in  1803. 

Of  the  Motions  of  Venus  and  Mercury. 

108.  Venus  has  been  sometimes  seen  moving  across  the 
Sun's  disk  from  east  to  west,  in  the  form  of  a  round  Uack 
spot,  with  an  apparent  diameter  of  about  59"*  A  few  days 
after  this  has  been  observed,  Venus  is  seen  in  the  morning, 
rtang  a  little  before  the  Sun,  in  the  form  of  a  fine  crescent, 
with  the  convexity  turned  toward  the  Sun.  She  moves 
gradually  westward,  separating  from  the  Sun,  with  a  re- 
tarded motion,  and  the  crescent  becomes  more  full.  In 
about  ten  weeks,  she  has  moved  46^  west  of  the  Sun,  and 
is  now  a  semicircle,  and  her  diameter  is  26".  She  now  se- 
parates no  farther  from  the  Sun,  but  moves  eastward,  with 
a  motion  gradually  accelerated,  and  she  gradually  dimin- 
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iflhesin  spptgent  diameter.  She  overtakes  the  S11119  about 
9i  monthB  after  having  been  seen  on  his  disk.  S(Hne  time 
after,  Venus  is  seen  in  the  evening,  east  of  the  Sun,  round, 
but  very  small.  She  moves  eastward,  and  increases  in  ap 
parent  diameter,  but  loses  of  her  roundness,  till  she  gets 
about  46®  east  of  the  Sun,  when  she  is  again  a  s^mdrde, 
having  the  convexity  toward  the  Sun.  She  now  moves 
westward,  increasing  in  diameter,  but  becoming  a  crescent, 
like  the  waning  Moon ;  and,  at  last,  after  a  period  of  near* 
ly  584  days,  comes  agun  into  conjunction  with  the  Sun, 
with  an  apparent  diameter  of  69^^ 

109.  From  these  phenomena  we  conclude,  that  the  Sun 
is  included  within  the  orbit  of  Venus,  and  b  not  &r  from 
its  centre,  while  the  Earth  is  without  this  orbit  There- 
fore, while  the  Sun  revolves  round  the  Earth,  Venus  re- 
volves round  the  Sun. 

The  time  of  the  revolution  of  Venus  round  the  Sun  may 
be  deduced  from  the  interval  which  elapses  between  two  or 
more  conjunctions,  by  help  of  the  following  theorem : 

110.  Let  two  bodies,  A  and  B,  revolve  uniformly  in 
the  same  direction,  and  let  a  and  b  be  their  respective  pe- 
riods, of  which  b  b  the  least,  and  t  the  interval  between 
two  successive  conjunctions  or  oppositions. 

at  bt 

Then  6=  -—7--^,  and  a= 


For  tlie  angular  motions  arc  inversely  proportional  to 
the  periodic  times.      Therefore  tlie  angular  motions  of 

A  and  B  are  as  -  and  r-.     And,  since  they  move  in  the 

a        0 

same  direction,   the  synodical  or  relative  motion  is  the 

difference  of  their  angular  motions.     Therefore  the  fun- 

•..111  1      1.1 

damental  equation  is  r — =-•       Hence   J^"^"*'^?  ^ 

a  +  t  at  111         t  —  b 

— r'>  and  b  =  — 7—..    Also-  =  r— 7,  =  TT"i  w^d  a  = 
at  ^  a  -^-t  a       b     t^  tb^ 

bt 
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• 

We  may  also  calculate  the  synodical  period  ^,  when  we 

1       1     1      a  — 6 
know  the  real  penods  of  each.     For"!  =  r —  =  — 7-  y 

ab 

and  t  =  — -. . 
a  —  6 

This  gives,  for  the  periodic  time  of  Venus  round  the 
Sun,  224*  16^  4&  18^ 

111.  But  it  is  evident,  that  if  this  angular  motion  is  not 
imi/brm,  the  interval  between  two  successive  conjunctions 
may  chance  to  give  a  false  measure  of  the  period.  But 
by  observing  many  conjunctions  in  various  parts  of  the 
heavois,  and  by  dividing  the  interval  between  the  first  and 
last  by  the  number  of  intervals  between  each  (taking  care 
that  the  first  and  last  shall  be  nearly  in  the  same  part  of 
the  beavens),  it  is  evident  that  the  inequalities  being  dis- 
tributed amcng  them  all,  the  quotient  may  be  taken  as 
nearly  an  exact  medium.  Hence  arises  the  great  value  c^ 
andent  observations.  In  eight  years  we  have  five  oon^ 
junctions  of  Venus,  and  she  is  only  l^  S^  short  of  the 
place  of  the  first  ccmjunction.  The  period  deduced  from 
the  conjunctions  In  1761  and  1769,  scarcely  differs  from 
that  deduced  from  the  conjunctions  in  1639  and  1761. 
But  the  other  planets  require  more  distant  observations. 

112.  Venus  does  not  move  uniformly  in  her  orbit.  For 
if  the  place  of  Venus  in  the  heavens  be  observed  in  a  great 
number  of  successive  conjunctions  with  the  Sun  (at  which 
time  her  place  in  the  ecliptic,  as  seen  fit>m  the  Sun,  is 
either  the  Sun^s  place,  as  seen  from  the  Earth,  or  the  oppo- 
ate  to  it),  we  find  that  her  changes  of  place  are  not  propor- 
tional to  the  elapsed  times.  By  observations  of  this  kind,  we 
learn  the  inequality  of  the  angular  motion  of  Venus  round 
the  Sun,  and  hence  can  find  the  equations  for  every  point 
of  the  orbit  of  Venus,  and  can  thence  deduce  the  position 
of  Venus,  as  seen  from  the  Sun,  for  any  ^ven  instant. 

This,  however,  requires  more  observations  of  this  kind 
than  we  are  yet  possessed  of,  because  her  conjunctions 
Vol.  III.  D 
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happen  so  neaiiy  in  the  same  points  of  her  orbit^  that  great 
part  of  it  is  left  without  observations  of  this  kind.  But 
we  have  other  observations  of  almost  equal  value,  nameljr, 
those  o£  het  greatest  elongations  from  the  Sun.  There  is 
none  of  the  planets,  therefore,  of  which  the  equations 
(which  indeed  are  very  small)  are  more  accurately  deter- 
mined. 

113.  We  can  now  determine  the  form  and  position  of 
the  orbit  For  we  can  observe  the  place  of  the  Sun,  or 
thie  poffltioQ  of  the  Une  £  S,  (Fig.  IS)  joining  the  Earth 
and  Sun«  We  know  the  length  of  this  line  (53.)  We 
can  observe  the  gsocemtric  place  of  Venus^  or  the  position 
of  the  line  E  D  joining  the  Earth  and  Venus.  And  we 
can  con^te  (112.)  the  hbliocektric  place  of  Venus,  or 
the  poatbn  of  the  line  S  C  joining  Venus  and  the  Sun. 
VenuB  must  be  in  V,  the  intersection  of  these  two  lines ; 
and  therefore  that  point  of  her  orbit  is  determined. 

114.  By  such  observations  Kepler  discovered,  that  the 
orbit  of  Venus  is  an  ellipse,  having  the  Sun  in  one  fbcus, 
the  semitransverse  axis  being  72333,  and  the  eccentricity 
610,  measured  on  a  scale  of  which  the  Sunls  mean  distance 
from  the  Earth  is  100000. 

115.  The  upper  apsis  of  the  orbit  is  called  the  apha- 
LiON,  and  the  lower  apsis  is  called  the  psrihblion  of  Ve- 
nua. 

116.  The  line  of  the  apsides  has  a  slow  motion  east- 
ward, at  the  rate  of  2^  W  46"  in  a  century. 

117.  The  orUt  of  Venus  is  inclined  to  the  ecliptic  at  an 
angle  of  3^  ^\  and  the  nodes  move  westward  about  31''  in 
a  year. 

118.  Venus  moves  in  this  orbit  so  as  to  describe  round 
the  Sun  areas  proportional  to  the  times. 

119.  The  planet  Mercury  resembles  Venus  in  dl  the 
circumstances  of  her  apparent  motion ;  and  we  make  simi- 
lar inferences  with  respect  to  the  real  motions.  His  orbit 
is  discovered  to  be  an  ellipse,  having  the  Sun  in  one  focus. 
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The  aenittrBittv^tve  itxis  ift  39710,  and  the  eecentridtj 

T900,    1^  apndes'iiiove  eastward  l""  £7  80"  in  a  century. 

l%e  fsrUt  is  iDdioed  to  the  ecliptic  7^     The  nodes  move 

westward  45'  in  a  year.     The  periodic  time  h  STl^  23*"  15' 

87*,  and  areas  ate  described  proportional  to  the  tima. 

Cyihe  prcper  MoHaiu  of  the  Superior  Planets. 

120.  Mars^  Jupriter,  and  Saturn,  elchibit  phenomena 
oonadoBblj  different  from  those  exhibited  by  Mercury 
and  V«[iu8. 

1.  They  come  to  our  meri&an  both  at  noon  and  at  mid. 
ni^it.  When  they  come  to  our  meridian  at  noon,  and  are 
in  the  ediptk,  they  are  fieter  seen  crossing  the  Sun^s  disk. 
Hence  we  infer,  that  their  orbits  include  both  the  Sun  and 
the  Earth. 

2.  They  are  always  retrograde  when  in  of^position,  and 
direct  when  in  conjunction. 

The  planet  Jupiter  may  serve  as  an  example  of  the  way 
in  wUch  their  real  motions  may  be  investigated. 

ISl.  Jupiter  is  an  opaque  body,  visible  by  means  of , the 
reflected  light  of  the  Sun.  For  the  shadows  of  some  of  the 
heavenly  bodies  are  sometimes  observed  on  his  disk,  and 
Ins  diadow  frequently  falls  on  them. 

122.  His  apparent  diameter,  when  in  oppoation^  is  about 
46%  mdj  when  in  conjunction,  it  is  about  81  **,  and  his  disk 
is  always  round.  Hence  we  infer,  that  he  is  nearest  whenf 
in  oppontioo,  and  that  his  least  and  greatest  distance  are 
nearly  as  two  to  tbrecf.  The  Earth  is,  therefore,  far  re- 
moved from  the  centre  of  his  motion ;  and,  if  we  endeavour 
to  expkun  his  motion  by  means  of  a  deferent  circle  and  an 
epkyde,  the  radius  of  the  deferent  must  be  about  five 
tmes  the  radius  of  the  epicycle. 

ISS.  Since  Jupiter  is  always  retrograde  when  in  oppo- 
sitiao,  and  direct  when  in  conjunction,  his  positioti,  with 
respect  to  the  centre  of  his  epicycle,  must  be  similar  to  the 
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positkm  of  the  Sun  with  respect  to  the  Earth.  His  motion, 
therefore,  in  the  efucycle,  has  a  dependance  on  the  motkni 
of  the  Sun ;  and  his  motion,  as  seenfiom  the  Sun,  must  be 
ampler  than  as  seen  from  the  Earth. 

His  position,  as  seen  firom  the  Sun,  may  be  accuratdj 
observed  in  every  opposition  and  conjunction. 

It  was  very  natural  for  the  ancient  astronomers  of  Greece 
to  infer,  from  what  has  been  sud  just  now,  that  the  posi- 
tion of  Jupiter,  in  respect  of  the  centre  of  his  epicycle,  was 
the  same  as  that  of  the  Sun  in  respect  of  the  Earth,  not 
only  in  opposition  and  conjunction,  but  in  every  other 
situation.  For,  in  twelve  years,  we  see  it  to  be  so  in  the 
oppositions  observed  in  twelve  parts  of  the  heavens,  and  in 
83  years  we  see  it  in  76  parts.  It  is  very  improbable,  there- 
fore, that  it  should  be  otherwise  in  the  intervals. 

The  motion  of  a  superior  planet  may  be  explained  upon 
these  principles  in  the  following  manner : 

Let  T  (Fig.  12.)  be  the  Earth,  and  «  ^  » )  •  f  >.  ;t; «  be  the 
Sun's  orbit.  Also,  let  A,  B,  C,  D,  E,  F,  G,  H,  I,  be  the 
places  of  the  centre  of  the  epicycle  in  the  circumference  of 
the  deferent  when  the  Sun  is  in  «,  fi, »,  h  u  f,  r>  x»  «*  make 
Aa  parallel  to  T«,and  B  6  parallel  to  T/3,  and  Cc  parallel 
to  T »,  &c  and  make  these  lines  of  a  length  that  is  duly 
proportioned  (by  the  Apollonian  rule)  to  the  radius  T  A 
of  the  deferent  circle. 

When  the  Sun  is  in  •,  /s. »,  8ec.  the  centre  of  the  epicycle 
is  in  A,  B,  C,  &c  and  the  planet  is  in  a,  6,  c,  8ec.  and  the 
dotted  curve  a  b  cdefghak  is  its  path  in  absolute  space 
between  two  succeeding  oppositions  to  the  Sun,  viz.  in  a, 
and  in  Ar. 

124.  If  we  make  the  radius  of  Jupiter's  deferent  circle 
to  that  of  the  epicycle,  as  52  to  10,  the  epicyclical  motion 
arising  from  this  construction  will  very  nearly  agree  with 
the  observation.  Only  we  may  observe,  that  the  opposi- 
tions  which  succeed  each  other  near  the  constellation  Virgo, 
are  less  distant  firom  one  another  than  those  observed  in  the 
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ojpposite  port  of  the  heavens ;  so  that  the  centre  of  the  epi- 
cjck  seems  to  move  slower  in  the  first  case  than  in  the  last 
To  recondle  this  with  the  perfect  uniformity  of  the  motion 
cf  that  centre  in  the  drcumference  of  the  deferent  circle, 
the  ancient  astronomers  said  that  the  earth  was  not  exactly 
in  the  centre  of  the  deferent,  but  so  placed  that  the  equable 
motion  of  the  centre  of  the  epcyde  appeared  slower,  be- 
cause it  is  then  more  remote ;  and  after  various  trials,  they 
£zed  on  a  degree  of  eccentricity  for  the  deferent,  which 
accorded  better  than  any  other  with  the  observations,  and 
really  differed  very  little  from  them.  Copernicus  shews 
that  their  hypothecs  for  Jupiter  never  deviates  more  than 
half  a  degree  from  observation,  if  it  be  properly  employed. 
They  found  that  the  epicycle  moved  round  the  deferent 
in  4833^  days,  with  an  equation  gradually  increasing  to 
near  6  degrees ;  so  that  if  the  place  of  the  epicycle  be  cal- 
culated for  a  quarter  of  a  revolution  fiom  the  apogee,  at  the 
mean  rate  of  5'  per  day,  it  will  be  found  too  far  advanced 
by  near  ten  weeks  motion. 

125.  But  the  ancient  astronomers  had  no  such  data  for 
detennimng  the  absolute  magnitude  of  the  deferent  circles 
and  ejncycles  for  the  superior  planets,  as  Merciuy  and  Venus 
afforded  them.  The  rules  given  them  by  ApoUonius  only 
taught  them  what  proportion  the  epicycle  of  each  planet 
must  have  to  its  deferent  circle,  but  gave  no  information  as 
to  the  absolute  magnitude  of  either,  or  the  proportion  be- 
tween the  deferent  circles  of  any  two  superior  planets. 
Accordingly,  no  two  ancient  astronomers  agree  in  their 
measures,  farther  than  in  saying  that  Saturn  is  farther  off 
than  Jupiter,  and  Jupiter  than  Mars.  This  they  inferred 
from  their  longer  periods.  All  they  had  to  take  care  of  was 
to  make  thdr  sizes  suflSdently  different,  so  that  the  epi- 
cycles of  two  neighbouring  planets  should  not  cross  and 
justle  each  other.  Yet  they  might  easily  have  come  very 
near  the  truth,  by  a  small  and  very  allowable  addition  to 
their  hypothecs  of  epcyclical  modon,  namely,  by  suppos- 
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ing  that  the  ejncyde  of  each  {Janet  is  equal  to  the  Sun^s 
orbit.     This  was  quite  allowable. 

186.  If  we  do  this,  we  shall  deduce  consequences  that 
are  very  remarkable,  and  which  would  have  put  the  ancient 
astronomy  on  a  footing  very  near  to  perfection.     For,  if 
0  c  (Fig.  1£.)  be  not  only  parallel  to  T  «,  but  also  equal  to 
it,  then  C  T»c  is  a  parallelogram,  and  ^c  is  equal  and 
parallel  to  T  C.     The  bearing  (to  ex^Nress  it  as  a  mariner) 
and  distance  oi  Jupiter  from  the  Sun  is  at  all  times  the 
same  with  the  bearing  and  distance  of  the  centre  of  his  epi- 
cycle from  the  Earth ;  and  Jupiter  is  always  found  in  an 
orbit  round  the  Sun,  equal  and  similar  to  the  deferent  orlnt 
round  the  Earth.    Thus,  «a  is  equal  toTA;  n&tQTB; 
sc  to  T  C,  &c.  with  respect  to  all  the  points  of  the  looped 
curve.     If  the  Earth  be  in  the  centre  of  the  defer^it,  the 
distance  of  Jupiter  from  the  Sun  is  always  the  same,  and 
he  may  be  said  to  describe  a  circle  round  the  Sun,  while 
the  Sun  moves  round  the  Earth.     Nay,  it  results  from  the 
equality  of  A  a  to  T«  of  B&  to  T/s,  &c.  that  whatever 
eccentricity,  or  whatever  form  it  has  been  thought  neces- 
sary to  assign  to  the  deferent,  the  distances  «a,  ^6,  «c,  &o. 
will  still  be  respectively  equal  to  T  A,  T  B,  T  C,  &a  The 
circle  which  the  astronomers  called  the  deferent,  because  it 
is  supposed  to  carry  Jupiter's  epicycle  round  the  Earth, 
may  be  supposed  to  accompany  the  Sun,  being  carried 
round  by  him  in  a  year,  the  line  of  its  apsides  (ISi.)  keep- 
ing parallel  to  itself,  that  is,  in  our  figure,  to  T  A.    And 
thus,  the  motion  of  Jupiter  round  the  Sun  will  be  incom- 
parably more  simple  than  the  looped  curve  round  the 
Earth  ;  for  it  will  be  precisely  the  motion  which  was  given 
by  the  astronomers  to  the  centre  of  Jupiter^s  epicycle.    The 
motion  of  Jupiter  in  absolute  space  is  indeed  the  same 
looped  curve  in  both  cases ;  but  the  way  of  conceiving  it  is 
much  much  more  simple. 

1S7.  This  supposition  of  the  equality  of  Jupiter^s  epi- 
cyde  to  the  Sun's  orbit,  and  the  parallelism  of  C  c  to  T » 


m  every  paation  of  Jupiter,  are  fully  verified  by  the  modem 
duDovcfieft  of  his  satellites.  These  little  planets  kvoIto 
loood  horn  with  perfect  regularity,  their  shadows  fire> 
quently  fall  on  his  disk,  and  they  are  often  obscured  by  his 
diadow.  This  shews  the  position  of  Jupiter^s  shadow  at 
all  times,  and,  consequently,  Jupiter^s  portion  in  respect  dP 
the  Sun.  This  we  find  at  all  times  to  be  parallel  to  the 
supposed  positicm  of  the  centre  of  his  epicycle.  Thus  mC 
is  finind  parallel  to  T  C. 

188.  We  now  can  tell  the  precise  point  in  which  Jupiter 
is  fiDimd  in  any  moment  of  time.  Having  made  the  radius 
T«  to  the  radius  T  A  in  the  due  proportion  of  10  to  52, 
and  having  placed  the  Earth  at  the  proper  distance  from 
the  oeutxe  of  the  deferent  Q  A  L,  we  can  calculate  (60.) 
the  pontkn  and  length  of  the  line  T  »  joining  the  Earth 
with  the  Son.  We  can  draw  the  line  T  C  to  the  sup- 
posed oeDtre  of  Jupiter's  epicycle,  having  learned  the  law 
or  equation  of  the  supposed  motion  of  that  centre  by  oiur 
observation  oppositions  in  all  quarters  of  the  ecliptic  (124.) 
and  we  then  draw  »V  parallel  to  it  This  must  pass 
through  Jupiter,  or  Jupiter  must  be  scMnewhere  in  this 
Une.  We  c^serve  Jupiter,  however,  in  the  direction  T  Z. 
Jujpiter  must  therefore  be  in  the  intersection  c  of  the  lines 
«\  and  T  Z.  And  then  we  can  measure  c»»  Jupiter's  dis- 
tance fimn  the  Sun. 

129L  Kepler,  by  taking  this  method  with  a  series  of  ob* 
senrations  made  by  Tycho  Brahe,  discovered  that  Jupiter 
was  always  found  in  the  circumference  of  an  ellipse,  hav« 
mg  the  Sun  in  its  focus.  Its  s^nitransverse  axis  is  520098, 
the  mean  distance  of  the  Earth  from  the  Sun  being  sup- 
posed 100000.  Its  eccentricity  is  26277.  Its  inclination 
to  the  ecliptic  is  1^  20%  and  the  nodes  move  eastward  about 
1'  in  a  year. 

180.  The  revolution  in  this  orbit  is  completed  in  433S^ 
days,  and  areas  are  described  proportional  to  the  times. 

13L  Proceeding  in  the  same  manner,  we  discover  that 
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the  planets  Mara,  Saturn,  and  the  one  disoovered  by  Br 
Herschel  in  1781,  are>al ways  found  in  the  circumference  of 
ellipses,  with  the  Sun  in  aae  focus,  and  describe  round  lum 
areas  proportional  to  the  times. 

The  chief  circumstances  of  their  motions  are  stated  as 
follows : 

Mean  Dutanee,        BceentricUy,        Period  in  Dant, 

Georgian  planet      1908584  90738  80466,07 

Saturn    -    -    -    -  953941  63210  10769,27 

Mars    ....     15S369  14218  686,98 

182.  Two  other  bodies  have  lately  been  detected  in  the 
planetary  re^ons,  revolving  round  the  Sun  in  orbits  whidi 
do  not  seem  very  eccentric,  and  seem  placed  between  those 
of  Mars  and  Jupiter.  The  first  was  observed  in  1801  by 
Mr  Piazzi  of  Palermo,  and  by  him  named  Ceres.  The 
other  was  discovered  in  1802  by  Mr  Olbers  of  Bremen, 
who  has  called  it  Pallas.  They  are  exceedingly  small, 
and  we  have  seen  too  litde  of  their  motions  as  yet  to  en- 
able us  to  state  their  elements  with  any  precision.* 

133.  Thus  it  has  been  discovered,  that,  while  the  Sim 
revolves  round  the  Earth,  the  six  planets  now  mentioned 
are  always  found  in  the  circumferences  of  ellipses,  having 
the  Sun  in  one  focus,  and  that  they  describe  round  the 
Sun  areas  proportional  to  the  times. 

134.  But  now,  instead  of  supposing  that  the  centre  of  a 
small  epicyle  is  carried  round  the  circumference  of  a  great- 
er deferent  circle,  different  for  each  planet,  we  may  rather 
consider  the  Sun^s  orbit  round  the  Earth  as  the  only  de- 
ferent circle,  and  suppose  that  the  planets  describe  their 

*  The  following  are  the  chief  circumstances  of  their  motions ;  the 
mean  distance  of  the  £arth  being  100^000. 

Mean  distance.  Eccentricity.  Period  in  Days. 

Pallas,     -    279100  24.630         1703^  17**  Sider.  Revel. 

Ceres,     -     276500  8141         1681    12   Tropical  ditto. 

Juno,  .     .  265700  *  25096         1588          Ditto. 

Vesta,    -    837300  9329        1155          Ditto.           En. 
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greet  d^icical  ejn^cles  round  him  with  different  periods, 
winkbe  maven  round  the  Earth  in  a  year.  The  real  mo- 
tions of  the  planets  are  still  the  same  looped  cunres  in  both 
cases.  For,  in  either  case,  the  motion  of  a  planet  is  com- 
pounded of  the  same  motions.  But  the  latter  supposition 
is  mudi  more  probable.  We  can  scarcely  conceive  the 
modon  of  Jupiter  in  the  epicycle  qra  as  having  any  phy- 
sical lelatkm  to  its  centre,  a  mere  mathematical  point  of 
space.  We  cannot  consider  this  point  as  having  any  phy- 
sical properties  that  shall  influence  the  moticms  of  the  pla- 
net This  point  also  is  supposed  to  be  in  motion,  carrying 
irith  it  the  influence  by  which  the  planet  is  retained  in  the 
drcumference  of  the  epicycle.  This  is  another  inconceiv- 
able cxrcamfitance.  This  combination  of  circles,  therefore, 
cannot  be  considered  as  any  thing  but  a  mere  mathemati- 
cal hypothesis,  to  furnish  some  means  of  calculation,  or  for 
the  delineation  of  the  looped  path  of  the  planet.  Accord- 
ingly, the  first  proposers  of  these  epicycles,  sensible  of 
the  mere  nothingness  of  their  centre,  and  the  impossibility 
of  a  nothing  moving  in  the  circumference  of  a  circle,  and 
drawing  a  planet  along  with  it,  farther  supposed  that  the 
epicycles  were  vast  solid  transparent  globes,  and  that  the 
planet  was  a  luminous  point  or  star,  sticking  in  the  surface 
of  this  globe.  And,  to  complete  the  hjrpothesis,  they  sup- 
posed that  the  globe  turned  round  its  centre,  carrying  the 
planet  round  with  it,  and  thus  produced  the  direct  and  re- 
trograde motions  that  we  observe.  Aristotle  taught,  that 
this  motion  was  effected  by  the  genius  of  the  planet  resid- 
ing in  the  globe,  and  directing  it,  as  the  mind  of  man  di- 
rects his  motions.  But,  further,  to  account  for  the  motion 
of  tins  gl<^  in  the  circumference  of  the  deferent,  the  an- 
cient philosophers  supposed,  that  the  deferent  was  also  a 
vast  cijstalline,  or,  at  least,  transparent  material  spherical 
dieU,  turning  round  the  earth,  and  that  this  shell  was  of 
sufficient  thickness  to  receive  the  epicyclic  globe  within  its 
solid  substance,  not  adhering,  but  at  liberty  to  turn  round 
its  own  centre.     This  hypothecs,  though  more  like  the 
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dream  of  a  feverish  man  than  the  tboughta  ef  one  in  hii 
aeofles,  was  received  as  unquestionable^  fipcma  the  time  of 
Aristotle  till  that  of  Cqiernicus.  It  is  scaicdy  GndiUe» 
that  thinking  men  diould  admit  its  truth  for  a  minute^ 
in  its  most  admisnble  form.  But  as  the  art  of 
improved,  it  was  found  necessary  to  add  another  epiqfcle 
to  the  one  already  admitted,  in  cnxier  to  account  fiv  an  ai^ 
nual  inequality  in  the  epicyclical  motion.  Thb  waa  a  smiD 
transparent  globe,  placed  where  Aristotle  placed  the  planeti 
and  the  planet  was  stuck  on  Us  surface.  Even  this  wm 
found  insu£Bcient,  and  another  set  of  epicycles  were  added, 
till,  in  short,  the  heavens  were  filled  with  solid  matter.  It 
is  needless  to  say  any  more  of  this  encyclical  doctrine  and 
machinery. 

185.  But  the  other  mode  of  conceiving  the  planetary 
motions,  while  it  equally  furnishes  the  means  of  calculation 
or  graphical  operation,  has  much  more  the  appearanoe  of 
reality.  The  Sun^s  motion  is  round  the  Earth,  whidi  we 
are  naturally  disposed  to  think  the  centre  of  the  world; 
and  the  planets  revolve,  not  round  a  mathematical  point, 
a  nothing,  but  round  the  Sun,  a  real  and  very  remarkable 
substance. 

136.  Kepler,  to  whom  we  are  indebted  for  this  discovery 
of  the  elliptical  motions,  and  the  equable  description  of 
areas,  also  observed,  that  the  squares  of  the  periodic  times 
in  these  ellipses  are  proportional  to  the  cubes  of  the  mean 
distances  from  the  Sun.  He  also  observed  the  same  anal- 
ogy with  respect  to  the  Sun^s  period  and  distance  from  the 
Earth. 

187.  The  distances  here  alluded  to  are  all  taken  from  a 
scale  of  equal  parts,  of  which  the  Sun'^s  mean  distance  from 
the  Earth,  contains  100000.  But  astronomers  wish  to 
know  the  absolute  quantity  of  those  distances  in  some 
known  measures.  This  may  be  learned  by  means  of  the 
parallax  of  any  one  of  the  planets.  Thus,  let  Mars  be  in 
M,  (Fig.*14.)  and  let  his  distance  from  some  fixed  star  C 
be  observed  by  two  persons  on  the  surface  of  the  Eardi  at 
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A  md  a  The  diflerence  GD  of  the  observed  distances 
CGy  CDy  will  give  the  angle  D  M  G,  or  its  equal  AM  B. 
Tbe  angles  M  A  B  and  M  B  A  are  given  by  observation^ 
and  the  line  A  B  is  g^ven ;  and  therefore  A  My  and  oon- 
vqaently  £  M,  may  bcT computed  in  miles. 

The  transit  of  Venus  across  the  Sun's  disk  aif<Mrds  much 
better  ohm  nations  fcac  this  purpose.  For,  at  the  time, 
Veous  is  mudi  nearer  to  the  Earth  than  Mars  is  ynhen  in 
oppositioiiy  their  distances  from  us  b^ng  nearly  as  28  to 
SL  Therefore  the  distance  betiiveen  the  observers  will 
nfaCend  a  larger  angle  at  Venus.  This  may  be  measured 
hj  the  distance  between  the  apparent  tracks  of  Venus  across 
the  Sun's  disk.  A  spectator  in  Lapland,  for  example,  sees 
Tenus  move  in  the  line  C  D,  (Fig.  15  )  while  one  at  the 
Cape  of  Good  Hope  sees  her  move  in  the  line  A  B.  Also, 
ss  C  D  is  a  shorter  diord  than  A  B,  the  transit  will  occupy 
las  tinie.  This  difference  in  time,  amounting,  in  some 
fiirtunate  cases,  to  many  minutes,  will  give  a  very  exact 
measure  of  the  interval  between  those  two  chords. 

138.  The  trannts  in  1761  and  1760  were  employed  for 
this  purpose,  at  the  earnest  recommendation  of  Dr  £d- 
amnd  Ualley.  From  those  observations,  combined  with 
tbe  proportions  deduced  from  Kepler's  third  law,  we  may 
BSBume  the  following  distances  from  the  Sun  in  English 
statute  miles,  as  pretty  near  the  truth. 

Tbe  Earth        -        .  98,7^,900 

Mercury        -        -        -  86,^1,700 

Venus        .        -        -  67,795,500 

Mars      ....        142,818,000 
Juinter     -        *  -  487,472,000 

Saturn        *        -        .  894,168,000 

Georgian  Planet      -        -     1, 789,982,000* 

*  The  £allowing  are  the  distances  of  tbe  new  planets^  in  miles : 

MUef.  Miles. 

Pdkl  905,000,000  Juno      -      954,000,000 

Ccns       -•    5MS|000^000  VtalS    ^      995,000,000    £p. 
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QTtttf  Secondary  Planets. 

1S9*  Jupiter  is  obsenred  to  be  always  accompanied  bj 
four  small  planets  called  satellites,  which  revolvevouiid 
him,  while  he  revolves  round  the  Sun. 

Their  distances  from  Jupter  are  measured  by  means  of 
their  greatest  elongations,  and  their  periods  are  discovered 
by  their  eclipses,  when  they  come  into  his  shadow,  and  by 
other  methods.  They  are  observed  to  describe  eUipses, 
having  Jupiter  in  cne  focus;  and  they  describe  areas 
round  Jupiter,  which  are  proportional  to  the  times.  Abo 
the  squares  of  their  periods  are  in  the  proportion  fji  the 
cubes  of  their  mean  distances  from  Jupiter. 

140.  It  has  been  discovered,  by  means  of  the  eclipses  of 
Jupiter^s  satellites,  that  light  is  propagated  in  time,  and 
employs  about  9  11"  in  moving  along  a  line  equal  to  the 
mean  distance  of  the  Earth  from  the  Sun. 

The  times  of  the  revolutions  of  these  littie  bodies  had 
been  studied  with  the  greatest  care,  on  account  of  the  easy 
and  accurate  means  which  their  frequent  eclipses  gave  us 
for  ascertaining  the  longitudes  of  places.  But  it  was 
found,  that,  afler  having  calculated  the  time  of  an  eclipse 
in  conformity  to  the  periods,  which  had  been  most  accu- 
rately determined,  the  eclipse  happened  later  than  the  cal- 
culation, in  proportion  as  Jupiter  was  farther  from  the 
Earth.  If  an  eclipse,  when  Jupiter  is  in  opposition,  be 
observed  to  happen  precisely  at  the  time  calculated,  an 
eclipse  three  months  before,  or  after,  when  Jufnter  is  in 
quadrature,  will  be  observed  to  happen  about  eight  mi- 
nutes later  than  the  calculated  time.  An  eclipse  happening 
about  six  weeks  before  or  after  opposition,  will  be  about 
four  minutes  later  than  the  calculation,  when  those  about 
the  time  of  Jupiter^s  opposition  happen  at  the  exact  time. 
In  genera],  this  rdardaiion  of  the  eclipses  is  observed  to 
be  exactly  proportional  to  the  increase  of  Jupiter'^s  distance 
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from  the  Earth.  It  is  the  same  with  respect  to  all  the 
HrtpHit^  This  error  greatly  perplexed  the  astronomers^ 
till  tbe  ooDDeauon  of  it  with  Jupiter^s  change  of  distance 
m  remarked  by  Air  Roemer,  a  Danish  astronomer,  in 
1674.  As  soon  as  this:  gentleman  took  notice  of  this  con- 
nexion, he  concluded  that  the  retardation  of  the  eclipse 
was  owing  to  the  time  employed  by  the  light  in  coming  to 
m.  The  satellite,  now  eclipsed,  continued  to  be  seen,  till 
die  la^  reflected  light  reached  us,  and,  when  the  stream  of 
B^  ceased,  the  satellite  disappeared,  or  was  eclipsed. 
When  it  has  passed  through  the  shadow,  and  is  again  il- 
hifiiiiM^Pflj  it  is  not  seen  at  that  instant  by  a  spectator  al- 
Boit  four  hundred  millions  of  miles  off — ^it  does  not  rei^ 
pear  to  \mn  tiU  the  ^st  reflected  light  reaches  him.  It  is 
not  tin  about  forty  minutes  after  being  re-illuminated  by 
tbe  SuD,  that  the  first  reflected  light  from  the  satellite 
iMcfaes  the  Earth  when  Jupiter  is  in  quadrature,  and  about 
dnrty-two  minutes  when  he  is  in  opposition. 

Tins  ingoiious  inference  of  Mr  Roemer  was  doubted  for 
Bome  time,  but  most  of  the  eminent  philosophers  agreed 
with  him.  It  became  more  probable,  as  the  motions  of 
the  satellites  were  more  accurately  defined ;  and  it  received 
oomplete  cuufirmation  by  Dr  Bradley  discovering  another, 
and  Tery  doSSerent  consequence  of  the  progressive  motion 
of  light  from  the  fixed  stars  and  planets.  This  will  be 
coDsidefed  afterwards ;  and,  in  the  mean  time,  it  is  evinced 
that  light,  or  the  cause  of  viaon,  is  propagated  in  time, 
and  requires  about  16^  minutes  to  move  along  the  diame- 
ter of  the  Sun^s  orbit,  or  about  8'  11^'  to  come  from  the 
Sun  to  us,  moving  a^^t  200,000  miles  in  a  second.  Some 
imaginp  Tision  to  be  produced  by  the  undulation  of  an 
dastic  medium,  as  sound  is  produced  by  the  undulation 
of  air.  Others  ima^e  light  to  be  emitted  from  the  lu- 
nuDous  body,  as  a  stream  of  water  from  the  disperser  of  a 
watering-pan.  Whichever  of  these  be  the  case,  light  now 
becomes  a  pnyper  subject  .of  mechanical  discussion ;  and  we 
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niij  now  specukrte  iboat  its  motioDS,  and  the  ibrou  yMok 
pfoduee  and  rq^ulate  them. 

141.  SatumiadgoobeerTedtobeaccunipaingihygni 
satellites,  whidi  ciiculate  round  him  in  dlipsei^  haTisg 
Saturn  in  the  focus.  They  describe  areas  proportional  to 
the  times^  and  the  squares  of  the  periodic  times  are  pro- 
portional to  the  cubes  of  tbw  mean  distances. 

148.  Bendes  this  numoxms  band  of  satellites,  Saturn  k 
also  accompanied  by  a  rast  arch  or  ring  of  coherent  mat- 
ter, which  surrounds  him,  at  a  great  distance.  Its  diame- 
ter  is  about  208,000  miles,  and  its  breadth  about  40^000. 
It  is  flat,  and  extremely  thin ;  and  as  it  shines  only  by  re- 
flecting the  Sun's  light,  we  do  not  see  it  when  its  edge  ii 
turned  towards  us.*  Late  observatbn  has  shewn  it  to  be 
two  rings,  in  the  same  plane,  and  almost  united.  But  that 
they  «te  separated,  b  demonstrated  by  a  star  being  sesd 
through  the  interval  between  them.  Its  plane  makes  an 
angle  of  29^  or  30<»  with  that  of  Saturn's  ori>it ;  and  when 
Saturn  is  in  11'  20°,  or  5'  20°,  the  plane  of  the  ling  passes 
through  the  Sun,  and  reflects  no  light  to  us. 

148.  In  1787,  Dr  Hersdiel  discovered  two  satellites  at- 
tending the  Georgian  planet;  and  in  1798,  he  discovered 
four  more.  Thdr  distances  and  their  periodic  Umes  ob- 
serve the  laws  of  Kepler ;  but  the  position  of  their  orbits 
is  peculiarly  interesting.  Instead  of  revolving  in  the  oider 
of  the  rigns,  in  planes  not  deviating  far  from  the  ecEptic, 
their  orbits  are  almost,  if  not  precisely  perpendicular  to  it; 
so  that  it  cannot  be  said  that  they  move  either  in  the  order 
of  the  signs,  or  in  the  opposite. 

144.  Thus  do  they  present  a  new  problem  in  phyacal 
astronomy,  in  order  to  ascertain  the  Sun's  influence  on 
their  motions— the  intersection  of  their  nodes,  and  the  other 
disturbances  of  their  motions  round  the  planet. 

145.  They  also  shew  the  mistake  of  the  cosmogonists, 
who  would  willingly  ascribe  the  general  tendency  cf  the 
planetary  motions  from  west  to  east  along  the  ecliptic  to 
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the  inBiKurap  of  some  geneimi  mechanical  impulsion,  in- 
itnidiiig  us  how  the  world  may  be  made  as  we  aee  it. 
These  perpendicular  orbits  are  incompatible  with  the  sup* 
posed  influence. 

Of  the  RoUMm  qfihe  Heavenly  Bodies. 

14&  In  1611 9  Scbeineir,  professor  at  Ingolstadt,  ob- 
serred  qxKs  on  the  disk  of  the  Sun,  which  come  into  Tiew 
en  the  eastern  limb,  move  across  his  disk  in  parallel  circles, 
iTw |fp>*f  on  the  western  limb,  and,  after  some  time,  again 
appear  on  the  eastern  limb,  and  repeat  the  same  motions. 
Hence  it  is  infienred  that  the  Sun  revolves  from  west  to  east 
k  the  space  of  25^  li**  12'>  round  an  axis  inclined  to  the 
plane  cS  the  ediptic  7^  degrees,  and  having  the  ascending 
node  of  his  equator  in  longitude  ^  10®. 

Philoaophera  have  formed  various  opinions  concerning 
die  nature  of  these  qpota.  The  most  probable  is,  that  the 
Son  oomiits  of  a  dark  nucleus^  surrounded  by  a  luminous 
covering,  and  that  ,the  nucleus  is  sometimes  laid  bare  in 
particuiar  places.  For  the  general  appearance  of  a  spot 
daring  its  revoluticn  is  like  Fig.  15. 

147.  A  series  o£  most  interesting  observations  has  been 
ktakj  made  by  Dr  Herschel,  by  the  help  of  his  great  tele- 
scopes. ThcK  observations  are  reccnxled  in  the  Philoso- 
phical Traasactims  for  the  years  1801  and  1802.  They 
lead  to  very  curious  conduaons  respecting  the  peculiar 
cnnstitntion  o£  the  Sun.  It  would  seem  that  the  Sun  is 
inmiediately  surrounded  by  an  atmosphere,  heavy  and 
traBspaient,  like  our  air.  This  reaches  to  the  height  of 
several  thousand  miles.  On  this  atmoq)here  seems  to  float 
a  sfratim  of  shining  clouds,  also  some  thousands  of  miles 
in  thickness.  It  is  not  clear,  however,  that  this  cloudy 
ttratum  shines  by  its  native  light.  There  is  above  it,  at 
mne  diftmr^^,  another  stratum  of  matter,  of  most  dazzling  . 
ipleodour.  It  would  seem  that  it  is  this  alone  which  illuml- 
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nates  the  whole  planetary  gystem^  and  also  the  douds  be- 
low it  This  reqilendent  stratum  is  not  equally  so,  but 
most  luminous  in  irregular  lines  or  ridges,  which  cover  the 
whole  disk  hke  a  very  dose  brilliant  network.  Something 
of  this  appearance  was  noticed  by  Mr  James  Short,  in 
17489  while  observing  a  total  eclipse  of  the  Sun,  and  is 
mentioned  in  the  Philosophical  Transactions,  Some  ope- 
ration of  nature  in  this  sdar  atmosphere  seems  to  produce 
an  upward  motion  in  it,  like  a  blast,  which  causes  both  the 
douds  and  the  dazzling  stratum  to  remove  from  the  spot, 
making  a  sort  of  hole  in  the  luminous  strata,  so  thai  we 
can  see  through  them,  down  to  the  dark  nudeus  of  the  Sun. 
Dr  Herschel  has  observed,  that  this  change,  and  this  de^ 
nudation  of  the  micleus,  is  much  more  frequent  in  some 
particular  places  of  the  Sun's  disL  He  has  also  observed 
a  small  bit  of  shining  cloud  come  in  at  one  side  of  an  (open- 
ing, and,  in  a  short  time,  move  across  it,  and  disappear  on 
the  other  side  of  the  open'mg ;  and  he  thinks  that  these 
moving  clouds  are  considerably  bdow  the  great  doudy 
stratum. 

148.  Dr  Herschel  is  disposed  to  think,  that  the  u[^ier 
resplendent  stratum  never  shines  on  the  nudeus,  not  even 
when  an  opening  has  been  made  in  the  stratum  of  douds. 
For  he  remarks,  that  the  upper  stratum  is  always  much 
more  driven  aade  by  what  produces  the  opening  than  the 
clouds  are ;  so  that  even  the  most  oblique  rays  from  the 
splendid  stratum  do  not  go  through,  being  intercepted  by 
the  border  of  douds  which  immediately  surround  the  cqpen- 
ing. 

149.  From  Dr  HerschePs  description  of  this  wonderful 
object,  we  are  almost  led  to  believe  that  the  surface  of  the 
Sun  may  not  be  scorched  with  intolerable  and  destructive 
heat.  It  not  unfrequently  happens,  that  we  have  very 
cold  weather  in  summer,  when  the  sky  is  overcast  with 
thick  clouds,  impenetrable  by  the  direct  rays  of  the  Sun. 
The  curious  observations  of  Count  Rumford  of  the  man- 
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tuet  in  which  heat  is  moBt  copiously  communicated  through 
fluid  substances,  concur  with  what  we  knew  before,  to  shew 
j»f  that  even  an  intense  heat,  communicated  by  radiation 
to  the  upper  surface  of  the  shining  clouds  by  the  dazzling 
rtratum  above  them,  may  never  reach  far  down  through 
their  thickness.  With  much  more  confidence  may  we  af- 
finn,  that  it  would  never  warm  the  transparent  atmosphere 
bek>w  those  douds,  nor  scorch  the  firm  surface  of  the  Sun. 
It  is  far  fiom  being  improbable,  therefore,  that  the  surface 
nay  not  be  uninhabitable,  even  by  creatures  like  ourselves. 
If  so,  there  is  presented  to  our  view  a  scene  of  habitation 
18,000  times  Ingger  than  the  surface  of  this  Earth,  and 
about  50  times  greater  than  those  of  all  the  planets  added 
ti^elber. 

150.  Similar  observations,  first  made  by  Dr  Hooke,  in 
1664,  on  spots  in  the  disk  of  Jupiter,  show  that  he  re- 
volves from  west  to  east  in  9^  56',  round  an  axis  inclined 
to  the  plane  of  his  orbit  S^®.  It  is  also  observed,  that  his 
equatoreal  diameter  is  to  his  axis  nearly  as  14  to  18. 

151.  There  are  some  remarkable  circumstances  in  the 
rotation  of  this  planet.  The  spots,  by  whose  change  of 
place  on  the  disk  we  judge  of  the  rotation,  are  not  perma- 
nent, any  more  than  those  observed  on  the  Sun's  disk. 
We  must  therefore  conclude,  that  either  the  surface  of  the 
planet  is  subject  to  very  considerable  variations  of  bright- 
ness, or  that  Jupiter  is  surrounded  by  a  cloudy  atmosphere. 
The  last  is,  of  itself,  the  most  probable,  and  it  becomes  still 
more  so  irom  another  circumstance.  There  is  a  oertmn 
part  of  the  planet  that  is  sensibly  brighter  than  the  rest, 
and  sometimes  remarkably  so.  It  h  known  to  be  one  and 
the  same  part  by  its  situation.  This  spot  turns  round  in 
somewhat  less  time  than  the  rest.  That  is,  if  a  dark  spot 
remains  during  several  revolutions,  it  is  found  to  have  se- 
parated a  little  from  this  bright  spot,  to  the  left  hand,  that 
is,  Id  the  westward.  There  is  a  minute  or  two  of  difference 
between  the  rotation  of  Jupiter,  as  deduced  from  the  suc- 
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oeniTc  appemnoM  of  the  bngbt  tpot,  and  thtt  doiumd 
from  obfiermtkniB  made  on  the  othen. 

Ifi2.  These  circumilaDeea  lead  us  to  iiiiagiiie>  that  Ju- 
piter u  really,  covered  with  a  cloudy  atmoepbere,  and  that 
this  has  a  slow  motion  fton^  east  to  west  relative  to  the  aur- 
&oe  of  the  planet     The  striped  appearances,  called  Belts 
er  Zones,  are  undoubtedly  the  efiect  of  a  difference  of  cli- 
aiate.     They  are  disposed  with  a  certain  regularity,  gen- 
erally occupying  a  oom[dete  round  of  Us  surface.     Mr 
Schroeter,  who  has  minutely  studied  their  appearances  for 
a  long  tract  of  time,  and  with  excellent  glasses,  says,  that 
the  changes  in  the  atmosphere  are  very  anomalous,  and 
often  very  sudden  and  extensdye ;  in  short,,  tliere  seems  al- 
most the  same  unsettled  weather  as  on  this  globe.    He 
does  not  imagine  that'  we  ever  s^  the  real  surface  of  Ju- 
piter ;  and  even  the  bright  spot  which  so  firmly  maintains 
its  situation,  is  thou^t  by  Schroeter  to^be  in  the  atmos- 
phere.   The  general  current  c^  the  clouds  is  from  east  to 
west,  like  our  trade-winds,  but  they  often  move  in  other 
Erections.     The  motion  u  also  frequently  too  rapid  to  be 
thought  the  transference  of  an  individual  substance;  it 
more  resembles  the  rapid  prc^agation  of  some  sbcnrt-lived 
change  in  the  state  of  the  atmosphere,  as  we  often  observe- 
in  a  tliunder  storm.     The  axis  of  rotation  is  almost  perpen- 
dicular to  the  plane  of  the  orbit,  so  that  the  days  and 
nights  are  always  equal. 

15S.  The  rotation  of  Mara,  first  observed  by  Hooke 
and  Cassini  in  166G,  is  still  more  remarkable  than  that  c^ 
Jupiter.  The  surface  of  the  planet  is  generally  of  unequal 
brightness,  and  something  like  a  permanent  figure  may  be 
observed  in  it,  by  which  we  guess  at  the  time  of  the  rota- 
tion. But  the  figure  is  so  ill  defined,  and  so  subject  to 
considerable  changes,  that  it  was  long  before  astronomers 
could  l>e  certain  of  a  retalion,  so  as  to  ascertain  the  time. 
Dr  Hcrschcl  has  been  at  much  pains  to  do  this  with  accu- 
racy, and,  by  comparing  many  successive  iqfiparitions  of 
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d»  SHie  objectft,  he  has  found  that  the  time  of  a  revolii- 
tioB  k  24  hours  and  40  minutes,  round  an  axis  inclined  to 
tbe  plane  of  the  ecliptic  in  an  angle  of  nearly  60  degrees^ 
hot  making  an  angle  of  61^  18'  with  his  own  orbit 

154.  It  is  midaummer^daj  in  Mors  when  he  is  in  kmg. 
11*  19^  ffom  our  Temal  eqoinox.  As  the  phmet  is  of  a 
▼erj  oblate  form,  and  probablj  hollow,  there  may  be  a 
GonaderaUe  precesaaon  of  bis  equinoctial  points,  by  a 
chanse  in  the  direction  of  his  axis. 

156.  Being  so  much  inclined  to  tlie  ^-liptic,  the  poles 
of  Mars  come  into  sight  in  the  course  of  a  revolution. 
When  cither  pole  comes  first  into  vieWy  it  is  observed  to 
be  remarkably  brighter  than  the  rest  of  the  disk.  This 
bn^tness  gradually  diminishes,  and  is  generally  altogether 
gone,  before  this  pole  goes  out  of  sight  by  the  change  of 
tbeplanec^s  position.      The  other  pole  now  comes  into 

,  and  exhibits  similar  appearancea 
166.  This  iqppearance  of  Mars  greatly  resembles  what 
own  globe  will  exhibit  to  a  speetattnr  placed  on  Venus 
or  Mercury.  The  snows  in  the  colder  climates  diminish 
during  summer,  and  are  renewed  in  the  ensuing  winter. 
The  appeanuices  in  Mars  may  ether  be  owing  to  snows,  oip 
to  dense  clouds,  which  condense  on  his  circumpolar  regions 
doing  his  winter,  and  are  dissipated  in  summer.  Dr  Her* 
sdiel  remarks,  that  the  atmosphere  of  Mars  extends  to  a 
▼eij  sensible  distance  from  his  disk. 

157.  Observers  are  not  agreed  as  to  the  time  of  the  ro- 
tasian  of  Venus.  Some  think  that  she  turns  round  her 
sous  in  23^,  and  others  make  it  28  days  and  8  hours.  The 
naeertainty  is  owing  to  the  very  small  time  allowed  for  oh- 
aorvatioB,  Venus  never  being,  seen  for  more  than  three 
hours  at  a  time,  so  that  the  change  of  appearance  that  we 
observe,  day  after  day,  may  either  be  a  part  of  a  slow  ro- 
talioQ,  or  more  than  a  ccmiplete  rotation  made  in  a  short 
time.  Indeed  no  distinct  spots  have  been  observed  in  her 
Ask  nnce  the  time  of  the  ekler  Cassini,  about  the  middle 
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of  the  seventeenth  century.  Dr  Herschel  has  always  olv 
served  her  covered  with  an  impenetrable  doud,  a^  white  as 
snow,  and  without  any  variety  of  appearance. 

158.  The  Moon  turns  round  her  axis  in  the  course  of  a 
periodic  month,  so  that  one  &ce  is  always  presented  to  our 
view.  There  is  indeed  a  very  small  libration,  as  it  is 
called,  by  which  we  occasionally  see  a  little  variation,  so 
that  the  spot  which  occupies  the  very  centre  of  the  disk, 
wh^i  the  Moon  is  in  apogee  and  in  perigee,  shifts  a  little 
to  one  nde,  and  a  little  up  or  down.  This  arises  from  the 
perfect  uniformity  of  her  rotation,  and  the  unequal  motion 
in  her  orbit  As  the  greatest  equation  of  her  orbitd  mo- 
tion amounts  to  little  more  than  5o,  this  causes  the  central 
spot  to  shift  about  ^^  of  her  diameter  to  one  side,  and,  re- 
turning again  to  the  centre,  to  shift  as  far  to  the  other  ude. 
She  turns  always  the  same  face  to  the  other  focus  of  her 
elliptical  orbit  round  the  Earth,  becauses  her  angular  mo- 
tion round  that  point  is  almost  perfectly  equable. 

159*  It  has  been  discovered  by  Dr  Herschel,  that  Sa- 
turn turns  round  hb  axis  in  10^  16',  and  that  his  ring 
turns  round  the  same  axis  in  10^  S2\'.  This  axis  is  in- 
clined to  the  ecliptic  in  an  angle  of  60°  nearly,  and  the  in- 
tersection of  the  ring  and  ecliptic  is  in  the  line  passing 
through  long.  5"  ^0^  and  11»  20®.  We  see  it  very  open 
when  Saturn  is  in  long.  2'  SO*',  or  8'  20"^ ;  and  its  length 
is  then  double  of  its  apparent  breadth.  It  is  then  mid^ 
summer  and  midwinter  on  Saturn.  When  Saturn  is  in 
the  line  of  its  nodes,  it  disappears,  because  its  plane  passes 
through  the  Sun,  and  its  edge  is  too  thin  to  be  visible.  It 
shines  only  by  reflecting  the  Sun'^s  light.  For  we  some- 
times see  the  shadow  of  Saturn  on  it,  and  sometimes  its 
shadow  on  Saturn.  It  will  be  very  open  in  1811.  Just 
now  (1803)  it  is  extremely  sleiider,  and  it  disappeared  for 
.  a  while  in  the  month  of  June.  Its  diameter  is  above 
HiOO,000  miles,  almost  half  of  that  of  tBe  Moon's  orbit 
JBiimd  the  Earth. 
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160.  No  rotation  can  be  observed  in  Mercury,  on  ac- 
oooDt  of  his  apparent  minuteness,^  nor  is  any  observed  in 
ibe  Georgian  planet  for  the  same  reason. 

161.  Many  philosophers  have  imagined,  that  the  Earth 
revolves  round  its  axis  in  23^  56'  4*^  from  west  to  east ; 
and  that  this  is  the  cause  of  the  observed  diurnal  motion 
of  the  heavens,  which  is  therefore  only  an  appearance.  It 
nmtt  be  acknowledged,  that  the  appearances  will  be  the 
ome^  and  that  we  must  be  insensible  of  the  motion.  There 
are  also  many  circumstances  which  render  this  rotation 
very  probable. 

1^  L  All  the  celestial  motions  will  be  rendered  in- 
oomparaUy  more  moderate  and  simple.  If  the  heavens 
really  turn  round  the  Earth  in  23^  56'  4"",  the  motion  of 
the  Sun,  or  of  any  of  the  planets,  is  swifter  than  any  mo- 
tion of  whidi  we  have  any  measure,  and  this  to  a  degeee 
almost  beyond  conception.  The  motion  of  the  Sun  would 
be  20,000  times  swifter  than  that  of  a  cannon  ball.  That 
of  the  Crebrgian  planet  will  be  twenty  times  greater  than 
this.  If  the  Earth  turns  round  its  axis,  the  swiflest  mo- 
tion necessary  for  the  appearances  is  that  of  the  Earth^s 
eqpiator,  wluch  does  not  exceed  that  of  a  cannon  ball. 

The  motions  also  become  incomparably  simpler.  For 
the  comlMnation  of  diurnal  motion  with  the  proper  motion 
of  the  planets  makes  it  vastiy  more  complex,  and  impossi- 
ble fo  account  for  on  any  mechanical  principles.  This 
diurnal  nx>tion  must  vary,  in  all  the  planets,  by  their 
diange  of  declination,  being  about  ^  slower  when  they  are 
near  tbe  trebles.  Yet  we  cannot  conceive  that  any  physi- 
cal relation  can  subsist  between  the  orbital  motion  of  a 
planet  and  the  position  of  the  Earth's  equator,  sufficient 
fir  producing  such  a  change  in  the  planet^s  motion.     Be- 


*  Tbe  dinmal  rotation  of  Mercury  has  been  found  to  be  performed 
2i^  b'  88\    Juna  is  conjectured  to  revolve  in  about  27  hours. 
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ride!i,  the  axis  of  diurnal  revolutiM  is  fiir  fram  beii^  the 
same  just  now  and  in  the  time  of  Hii^parchus.  Just  iioiw-) 
it  passes  near  the  star  in  the  ^itremit  j  of  the  tail  of  the 
Little  Bear.  When  Hippeix^us  observed  the  heavens,  it 
(Mssed  nelor  the  snout  of  the  Camek>pard.  It  is  to  the  kst 
liegree  improbable,  that  every  object  in  the  universe  has 
tdhanged  its  motion  in  this  manner.  It  must  be  supposed 
that  all  have  changed  their  motions  in  difierent  degrees^ 
yet  all  in  a  certmn  predse  order,  widumt  any  eonnexioii  or 
ttmtual  dependance  that  we  can  conceive. 

163.  2.  There  is  no  withholding  the  belief,  that  the 
Svin  was  intended  to  be  a  source^  light  and  genial  wanntii 
to  the  xyrganiaed  beings  which  occupy  the  surface  of  omr 
globe.  How  much  more  simply,  earily,  and  beautifully, 
this  is  effected  by  the  Eatth^s  rotaition,  a»d  how  much 
H&ote  agreeably  to  die  known  economy  of  natune  ! 

164.  3.  This  rotation  would  be  analogous  to  what  is 
observed  in  the  Sun  and  most  of  the  planets. 

165.  4.  We  observe  phenomena  on  our  globe  that  are 
necessary  consequences  of  rotation,  but  cannot  be  accounts 
ed  for  without  it.  We  know  that  the  equatoreal  regioM 
are  about  twenty  miles  high^  than  the  drcumpolar;  yet 
the  waters  of  the  ocean  do  not  quit  this  elevation,  and  re- 
tire and  inundate  the  poles.  This  may  be  prevented  by  a 
proper  degree  of  rotation.  It  may  be  so  swift,  that  the 
waters  would  all  flow  toward  the  equator,  and  inundale 
the  torrid  zone;  nay,  so  swift,  that  every  thing  loose 
would  be  thrown  €ffy  as  we  see  the  water  dispersed  from  a 
twirled  mop.  Now,  a  very  simple  calculation  will  shew  us, 
that  a  rotation  in  23^  66^  is  precisdy  what  will  balance  the 
tendency  of  the  waters  to  flow  from  the  elevated  equator 
towards  the  poles,  and  will  keep  it  uniformly  qpvead  over 
the  whole  spheroid.  We  also  observe,  that  a  lump  of 
matter  of  any  kind  weighs  more  (by  a  spring  steelyard)  at 
Spitzbergen  than  at  Quito,  and  that  the  diminution  of 
gravity  is  precisely  what  would  arise  fiom  the  supposed  . 
rotation,  viz.  gjg. 
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Tkn  are  ftrgmiieiits  whieh  give  the  most  convincing 
doBOHlimtioa  of  the  Earth's  rotation. 

166.  1.  IKd  the  heavens  turn  round  the  Earth,  as  has 
loDgbeen  belieyed,  it  is  almost  certain  that  no  zodiacal 
fised  ttar  oould  be  seen  by  us.  ¥or  it  is  highly  probable, 
diat  ii^t  IB  an  emissioii  of  matter  irom  the  luminous  bo- 
dy. If  this  be  the  case,  such  is  the  distance  of  any  fixed 
star  A,  (F%.  16.)  that,  when  its  velocity  AC  is  cam^ 
pounded  with  the  velocity  of  light  emitted  in  any  direction 
A  B,  or  A  i,  it  would  produce  a  moUon  in  a  direction 
AD,  or  Ad,  which  would  never  reach  the  Earth,  or 
whidi  might  chance  to  reach  it,  but  with  a  velocity  infi- 
mhAj  bdow  the  known  velocity  of  light ;  and,  in  any  hy- 
pcrthedts  ooooeming  the  nature  of  light,  the  velocity  oi*  the 
light  by  which  we  see  the  cireumpolar  stars,  must  greatly 
exceed  that  by  which  we  see  the  equatoreal  stars.  AU 
this  is  ooDtmry  to  observation. 

2.  The  diadow  of  Jupiter,  also,  should  deviate  greatly 
from  the  line  drawn  from  the  Sun  to  Jupiter,  just  as  we 
see  a  ship^s  vane  deviate  from  the  direction  of  tlie  wind, 
when  she  is  sailing  briskly  across  that  direction.  If  the 
d&umal  revcdution  is  a  real  motion,  when  Jupiter  is  in  op- 
podtion,  his  first  satellite  must  be  seen  to  come  from  be- 
hind his  disk,  and,  after  appearing  for  about  P  10%  must 
be  ecfipsed.  This  is  also  contrary  to  observation ;  for  tl^p 
airteliites  are  eclipsed  precisely  when  they  come  into  that 
line,  whereas  it  should  happen  more  than  an  hour  after. 

167.  We  must  therefore  conclude,  that  the  Earth  re- 
ToUes  round  its  axis  from  west  to  east  in  23''  56^  4" . 
We  must  further  conclude,  from  the  agreement  of  the  an- 
cioit  and  modem  latitudes  of  places,  that  the  axis  of  the 
Earth  is  the  same  as  formerly ;  but  that  it  changes  its  po*- 
■don,  as  we  observe  in  a  top  whose  motion  is  nearly  spent. 
This  change  of  position  is  seen  by  the  shifting  of  the  equi- 
noctial points.  As  these  make  a  tour  of  the  ecliptic  in 
3fi97X  years,  the  pole  of  the  equator,  keeping  always  per* 
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pei^cular  to  its  plane,  must  describe  a  circle  round  the 
pole  of  the  ectiptic,  distant  from  it  23^  28%  the  incline- 
tion  of  the  equator  to  the  ecliptic.  It  will  be  seen,  in  due 
time,  that  this  motion  of  the  Earth^s  axis,  winch  appeared 
a  mystery  even  to  Copernicus,  Tycho  Brab^  and  Kepler, 
is  a  necessary  consequence  of  the  general  power  of  nature 
by  which  the  whole  assemblage  b  held  together ;  and  the 
detection  of  this  consequence  is  the  most  illustrious  spea^ 
men  of  the  sagacity  of  the  discoverer,  Sir  Isaac  Newton. 

Of  the  Solar  System.  i 

168.  We  have  seen  (134.)  that  the  planets  are  alwajrs 
found  in  the  circumferences  of  ellipses,  which  have  the  Sua 
in  their  common  focus,  while  the  Sun  moves  in  an  ellipse 
round  the  Earth.  The  motion  of  any  planet  is  compound* 
ed  of  any  motion  which  it  has  in  respect  of  the  Sun,  and 
any  motion  which  the  Sun  has  in  respect  of  the  Earth. 
Therefore  (92.  98-)  the  appearances  of  the  planetary  mo- 
tions will  be  the  same  as  we  have  described,  if  we  suppose 
the  Sun  to  be  at  rest,  and  ^ve  the  Earth  a  motion  round 
the  Sun,  equal  and  oppodte  to  what  the  Sun  has  been 
thought  to  have  round  the  Earth. 

In  the  second  part  of  that  article  concerning  relative 
motion,  it  was  shewn  that  the  relative  motion,  or  change  of 
motion,  of  the  body  B,  as  seen  from  A,  is  equal  and  oppo. 
idte  to  that  of  A  seen  from  B.  In  the  present  case,  the  dis- 
tance of  the  Sun  from  the  Earth  is  equal  to  that  of  the 
Earth  from  the  Sun.  The  position  or  bearing  is  the  oppo- 
site. When  the  Earth  is  in  Aries  or  Taurus,  the  Sun  will 
be  seen  in  Libra  or  Scorpio.  When  the  Earth  is  in  the 
tropic  of  Capricorn,  the  Sun  will  appear  in  that  of  Cancer, 
and  her  north  pole  will  be  turned  towards  the  Sun ;  so  that 
the  northern  hemisphere  will  have  longer  days  than  nights. 
In  short,  the  gradual  variation  of  the  seasons  will  be  the 
same  in  both  cases,  if  the  Earth^s  axis  keeps  the  same  posi? 
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tjoD  iamg  its  rerolutioii  round  the  Sun.  It  must  do  so, 
if  thoe  be  no  force  to  diange  its  position ;  and  we  see  that 
die  aiis  of  the  other  planets  retain  their  position. 

169-  Then,  with  respect  to  the  planets,  the  appearances 
of  direct  and  retrograde  motion,  with  points  of  station,  will 
abo  be  the  same  as  if  the  Sun  revolved  round  the  Earth. 
That  thb  may  be  more  evident,  it  must  be  observed,  that 
our  jocifgmait  of  a  planet's  situation  is  precisely  similar  to 
that  of  a  mariner  who  sees  a  ship's  light  in  a  dark  night* 
He  sets  it  by  the  compass.  If  he  sees  it  due  north,  and  a 
£ew  minutes  after,  sees  it  a  little  to  the  westward  of  north, 
he  imagines  that  the.ship  has  really  gone  a  little  westward, 
Tet  this  might  have  happened,  had  both  been  sailing  due 
eait,  provided  that  the  ship  of  the  spectator  had  been  sail- 
ing faster.  It  is  just  the  same  in  the  planetary  moUons. 
If  we  give  the  Earth  the  motion  that  was  ascribed  to  the 
Sun,  the  real  velocity  of  the  Earth  will  be  more  than  double 
of  the  vdocity  of  Jupiter  Now  suppose,  according  to  the 
old  hypothesis,  the  Earth  at  T  (Fig.  12  )  and  the  Sun  at  «. 
Suppose  Jupiter  in  opposition.  Then  we  must  place  the 
eeotre  of  his  epicycle  in  A,  and  make  A  a  equal  to  T «. 
Jupiter  is  in  a,  and  his  bearing  and  distance  from  the 
Earth  is  T  a,  nearly  4-5ths  of  T  A.  Six  weeks  after,  the 
Son  is  in  ^;  the  centre  of  Jupiter's  epicycle  is  in  B.  Draw 
B  6  equal  and  parallel  to  T  /s,  and  b  is  now  the  place  of  Ju- 
piter, and  T  6  is  now  his  bearing  and  ^stance.  He  has 
changed  his  bearing  to  the  right  hand,  or  weistward  on  the 
echptic;  and  his  change  of  posiUon  is  had  by  measuring 
the  angle  a  T  6.  His  longitude  on  the  ecliptic  is  diminished 
by  this  number  of  degrees. 

170.  Now  let  the  Sun  be  at  T,  according  to  the  new 
hypotbefflfl,  and  let  A  B  £  L  be  Jupiter^s  orbit  round  the 
Sun.  Let  Jupiter  be  in  opposition  to  the  Sun.  We  must 
place  Jupiter  in  A,  and  the  Earth  in  i,  so  as  to  have  the 
Sun  and  Jupiter  in  opposition.  It  is  evident  that  Jupiter's 
faaanDg  and  distance  &om  the  Earth  are  the  same  as  in  the^ 
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former  h  jpothesis*    For  A  a  being  equsl  to  «  T  we  have 
»  A,  the^distance  of  Jupiter  f]x>in  the  Earth,  eqtnl  to  T  d 
of  the  former  hypodiesis.    Six  weeks  after,  the  Earth  ia  at 
f ,  and  Jupiter  at  B.    Jcnn  f  B,  and  draw  f  N  parallel  to 
T  A.     It  is  evident  that  .the  distance  ^  B  of  Jupiter  from 
the  Earth,  is  equal  to  the  distance  T  i  of  the  former  coa- 
struction.  *   Also  the  angle  N  ^  B,  which  is  Jupiter^s  change 
of  bearing,  (by  the  astronomer^s  compass,  the  ediptic),  is 
equal  to  the  angle  «  T  6  of  die  former  construction.    Jupi- 
ter therefore,  instead  of  moving  to  the  left  hand,   has 
fBoved  to  the  right,  or  westward,  and  has  diminished  his 
ecliptical  bearing  or  longitude  by  the  degrees  m  the  angle 
N>B. 

171.  In  the  same  manner  may  the  apparent  motion  of 
Jupiter  be  ascertained  for  every  situation  of  the  Earth  and 
JujHter ;  and  it  will  be  found  that,  in  every  case,  the  line 
corresponding  to  f  B  is  equal  and  parallel  to  the  line  corres- 
ponding toTb;  thus  r  C  is  equal  and  parallel  to  T c ; 
a:  D  is  equal  and  parallel  to  T  i,  &c. 

The  apparent  motions  of  the  planets  are  therefore  pre- 
cisely the  same  in  either  hypothesis,  so  that  we  are  left  to 
foUow  either  opinion,  as  it  appears  best  supported  by  other 
arguments. 

172.  Accordingly,  it  has  been  the  opinion  of  some  philo- 
sophers, both  in  ancient  and  modern  times,  that  the  Earth 
is  a  planet,  revolving  round  the  Sun  placed  in  the  focus  of 
its  elliptical  orbit,  and  that  it  is  accompanied  by  the 
Moon,  in  the  same  manner  as  Jupiter  and  Saturn  are  by 
their  satellites. 

The  following  are  the  reasons  for  preferring  this  opinion 
to  that  contained  in  the  133d  and  135th  articles,  which 
equaUy  explains  all  the  phenomena  hitherto  mentioned, 
and  is  more  consistent  with  our  first  judgments. 

17S.  1.  The  celestial  motions  become  incomparably  more 
ample,  and  free  of  those  looped  contortions  which  must 
be  supposed  in  the  other  case,  and  which  are  extremely 
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impfblMMe,  and  moompatible  with  what  we  kaow  of  the 
laws  of  MMitioii. 

]74w  S.  This  opiaioo  is  alio  more  veasanable,  op  aooouat 
ef  the  extreme  nuauteiieas  of  the  Earth,  when  oompaied 
mth  the  innieMe  bulk  of  ihe  Sun,  Jupiter,  and  Saturn  ; 
and  because  the  Sun  is  the  source  of  hght  and  heat  to  all 
thephnets. 

The  reasons  adduced  in  this  and  the  preceding  artsde 
were  all  that  could  ofier  themseli^es  to  the  philosopben  of 
antiquity.  They  had  not  the  telescope,  and  the  satellites 
were  therefore  unknown.  They  had  no  knowledge  of  the 
powers  of  nature  by  which  the  planetary  motions  are  pn^ 
duced  and  regulated ;  their  knowledge  of  dynamical  science 
was  extremely  scanty.  Yet  Pythagoras,  Phik>laus,  ApoU 
lomus^  Anaxagoras,  and  others,  maintained  this  opinion. 
But  they  had  few  followers  in  an  opinion  so  different  from 
our  habitual  thoughts,  and,for  which  they  could  only  offsr 
some  reasons  founded  on.  certain  notions  c£  propriety  or 
suitableness.  But,  as  men  became  more  conversant,  in 
modem  times,  with  the  mechanical  arts,  every  thing  con* 
nected  with  the  motion  of  bodies  became  more  familiar, 
and  was  better  understood,  and  we  had  less  hesitation  in 
adopting  sentiments  unlike  the  first  and  most  familiar 
suggestions  of  sense.  Other  arguments  now  offered  thenu 
sdves. 

175.  3.  If  the  Earth  turns  round  the  Sun,  then  the  ana- 
logy  between  the  squares. of  the  periodic  times  and  the 
cubes  of  the  distances,  will  obtain  in  all  the  bodies  which 
dirculate  round  a  common  centre ;  whereas  this  will  not 
be  the  case  with  respect  to  the  Sun  and  Moon,  if  both  turn 
round  the  Earth. 

176.  4.  It  is  thought  that  the  motion  of  the  Sun  round 
the  Earth  is  mconsistent  with  the  discoveries  which  have 
been  made  concerning  the  forces  which  operate  in  the  plane- 
tary modons. 

We  have  seen,  by  an  article  in  dynamics,  combined  with 
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the  third  law  of  motion,  that  ndther  can  the  Siin 
round  the  Earth  at  rest,  nor  the  Earth  round  the  Sun  at  reat^ 
but  that  both  must  revolve  round  their  common  centre  of  po» 
sition.  It  is  discovered  tliat  the  quantity  of  matter  in  the 
Sun  is  more  than  300,000  times  that  of  the  matter  in  the 
Earth.  Therefore  the  centre  of  position  of  these  two 
bodies  must  be  almost  in  the  centre  of  the  Sun.  Nay,  if  all 
the  planets  were  on  one  side  of  the  Sun,  die  common  centre 
would  be  verjr  near  his  centre. 

177.  But,  perhaps,  this  argument  is  not  of  the  great 
weight  that  is  supposed.  The  discovery  of  the  proportioa 
of  these  quantiues  of  matter  seems  to  depend  on  its  being 
previously  established  that  the  Sun  is  in,  or  near,  the 
centre  of  position  of  the  whole  assemblage.  It  must  be 
owned,  however,  that  the  perfect  harmony  of  all  the  oonw 
parative  measures  of  the  quantities  of  matter  of  the  Sun 
and  planets,  deduced  from  sources  independent  of  each 
other,  renders  their  accuracy  almost  unquestionable. 

178J  5.  It  is  incontestably  proved  by  observaUon.  A 
motion  has  been  discovered  in  all  the  fixed  stars,  which 
arises  from  a  combination  of  the  motion  of  light  with  the 
motion  of  the  Earth  in  its  orbit. 

Suppose  a  shower  of  hail  falling  during  a  perfect  calm, 
and  therefore  falling  perpendicularly.  Were  it  required  to 
hold  a  long  tube  in  such  a  position  that  a  hailstone  shall  fall 
through  it  without  touching  either  side,  it  is  plain  that  the 
tube  must  be  held  perpendicular.  Suppose  now  tliat  the 
tube  is  fastened  to  the  arm  of  a  gin,  such  as  those  employ- 
ed in  raising  coals  from  the  pit,  and  that  it  is  carried  round, 
with  a  velocity  that  is  equal  to  that  of  the  falling  hail.  It 
is  now  evident  that  a  perpendicular  tube  will  not  do.  The 
hailstones  will  all  strike  on  the  hindmost  side  of  the  tube. 
The  tube  must  be  put  into  the  direction  of  the  relative 
motion  of  the  hailstones.  Now,  it  was  demonstrated 
that  this  is  the  diagonal  of  a  parallelogram,  one  side 
of  which  is  the  real  motion  of  the  bail,  and  the  other  is 
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cquily  bdi  offpcmte^  to  the  motion  of  the  tube.  Therefore, 
if  the  tube  be  indmedjbrward^  at  an  angle  of  45^,  the  ex- 
pcriBcnt  wiU  succeed,  because  the  tangent  of  this  angle  is 
equal  to  the  radius ;  and,  while  the  hailstone  falls  two  feet, 
the  toibe  adnmces  two,  and  the  hailstime  will  pass  along  the 
tnbe  nithaut  touching  it 

In  the  very  same  mann^,  if  the  Earth  be  at  rest,  and 
we  would  view  a  star  near  the  pole  of  the  ecliptic,  the  tele- 
scope must  be  pointed  directly  at  the  star.  But  if  the  Earth 
be  in  motion  round  the  Sun,  the  telescope  must  be  pointed 
m  little  foirwaid,  that  the  light  may  come  along  the  axis  of 
the  tube.  The  proporticm  of  the  velocity  of  light  to  the 
mppoeed  vdodty  of  the  Earth  in  its  orbit  is  nearly  that  of 
IU,0(X>  to  I.  Therefore  the  telescope  must  lean  about  ^0" 
forward. 

Haifa  year  after  this,  let  the  same  star  be  viewed  again. 
The  tdesoope  must  agun  be  pointed  20"  a-head  of  the  true 
position  of  the  star :  but  this  is  in  the  opposite  direction  to 
the  former  deviation  of  the  telescope,  because  the  Earth, 
being  now  in  the  opposite  part  of  its  orbit,  is  moving  the 
other  way.  Therefore  the  position  of  the  star  must  appear 
to  have  changed  40''  in  the  six  months. 

It  ts  easy  to  shew  that  the  consequence  of  this  'is,  that 
every  star  must  appear  to  have  40''  more  longitude  when  it 
is  €m  our  meridian  at  night,  than  when  it  is  on  the  meridian 
at  mid-day.  The  effect  of  this  composition  of  motions, 
which  is  most  susceptible  of  accurate  examination,  is  the 
fbllowiDg.  Let  the  declination  of  some  star  near  the  pole 
of  the  ecliptic  be  observed  at  the  time  of  the  equinoxes.  It 
win  be  found  to  have  40"  more  declination  in  the  autumnal 
than  in  the  vernal  equinox,  if  the  observer  be  in  latitude 
60^  3fy ;  and  not  much  less  if  he  be  in  the  latitude  of 
London.  Also  every  star  in  the  heavens  should  appear  to 
describe  a  Uttle  ellipse,  whose  longer  axis  is  40^. 

179.  Now  this  is  actually  observed,  and  was  discovered 
by  Dr  Bradley  about  the  year  1726.  It  is  called  the  aber- 
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XATXQN  OF  THE  PIXBD  STABS,  and  IS  006  Of  the  OlOSt  CU¥t* 

OU8  and  most  important  discoveries  of  the  eighteenth  oeii» 
turj.  'It  is  important,  by  furnishing  an  inccmtrovatiblr 
proof  that  the  Earth  is  a  planet,  reTolving,  like  the  others^ 
round  the  Sun.  It  is  also  important,  by  shewing  that  the 
light  of  the  fixed  stars  moves  with  the  same  velocity  with 
the  light  of  the  Sun,  which  illuminates  our  system. 

180.  This  arrangement  of  the  planets  is  called  the  Co- 
ysBNiCAK  SYSTEM,  having  been  revived  and  established 
by  Copernicus,  represented  in  Fig.  A.  The  other  opinion, 
mentioned  (133),  which  equally  explains  the  general  phe* 
nomena,  was  maintMned  by  Longomontanus. 

181.  Account  of  the  Ptolbmaic,  Egyptian,  and  Tych* 
OMic  systems  (Fig.  B,  C,  D.) 

182.  The  Copemican  system  is  now  universally  admit* 
ted ;  and  it  is  fully  established,  1.  That  the  planets  and 
the  comets  describe  round  the  Sun  areas  proportional  to  the 
times ;  and  that  the  Moon,  and  the  satellites  of  Jupiter  and 
Saturn,  describe  round  the  Earth,  Jupiter,  and  Saturn, 
areas  proportional  to  the  times.  2.  That  the  orbits  decrib* 
ed  by  those  bodies  are  ellipses,  having  the  Sun,  or  the 
primary  planet,  in  one  focus.  3.  That  the  squares  of  the 
periodic  times  of  Uiose  bodies  which  revolve  round  a  com* 
mon  centre  are  proportional  to  the  cubes  of  their  mean  dis- 
tances  from  that  centre.  These  three  propositions  are  call* 
ed  the  laws  of  Kepler. 

183.  There  is  however  an  objection  to  this  account  of 
the  planetary  motions,  which  has  been  thought  formidable. 
Suppose  a  telescope  pointed  in  a  direcdon  perpendicular  to 
the  plane  of  the  Earth's  orbit,  and  carried  round  the  Sun 
in  this  posdtion.  Its  axis,  produced  to  the  starry  firmament, 
should  trace  out  a  figure  precisely  equal  and  similar  to  the 
orbit,  and  we  should  be  able  to  mark  it  among  the  stars 
round  the  pole  of  the  ecliptic.  But,  if  this  be  tried,  we 
find  that  we  ore  always  looking  at  the  same  point,  whicli 
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ilwmys  lemains  the  centre  of  the  little  ellipse  which  is  the 
eflSect  cf  the  aberration  of  light. 

TUa  otgectioD  was^made,  even  in  the  schools  of  Greece, 
tQ  AristarcfauB  of  Samoa,  when  he  used  his  utmost  endea- 
to  faring  into  credit  the  later  ojunion  of  Pythagoras^ 
the  Sun  in  the  centre  of  the  system.  And  the 
iWer  given  by  Aristarchus  is  the  only  one  that  we  can 
give  at  the  present  day. 

IS4  The  only  answer  that  can  be  given  to  this  is,  that 
die  distance  of  the  fixed  stars  is  so  great,  tliat  a  figure  of 
Dear  200  millions  of  m'des  diao^eter  is  not  a  sensible  object. 
This,  incredible  as  it  may  seem,  has  nothing  in  it  of  absur^' 
dky.     We  know  that  their  distance  is  immense.     The  - 
oomet  of  16B0  goes  150  times  farther  from  tlie  Sun  than 
we  are,  and  we  must  suppose  it  much  farther  from  the 
nearest  star,  that  it  may  not  be  afiected  by  it  in  its  motion 
touad  our  Sun.     Suppose  it  only  twice  as  far,  the  Earth^a 
ocfait  traced  among  the  stars  would  appear  only  half  the 
dkmettf  of  the  Son.     We  have  telescopes  which  magnify 
the  diameter  of  objects  ISOO  times.     Yet  a  fixed  star  is  not 
nrmgnified  by  them  in  the  smallest  degree.  That  is,  though 
we  were  only  at  the  1200dth  part  of  our  present  distance 
finxn  it,  it  would  appear  no  bigger.     The  more  perfect  the 
telescope  is,  the  stars  appear  the  smaller.     We  need  not  be 
surprised,  therefore,  that  observation  shews  no  parallax  o^ 
the  fixed  stars,  not  even  I".    Yet  a  parallax  of  1''  puts' 
the  object  206,000  times  farther  off  than  the  Sun.     But 
space  IS  without  bounds,  and  we  have  no  reason  to  think 
that  our  Tiew  comprehends  the  whole  cre^ion.     On  the 
contrary,  it  is  more  probable  that  we  see  but  an  inconsider- 
able part  of  the  scene  on  which  the  perfections  of  the  Crea- 
tor and  Grovemor  of  the  universe  are  displayed. 
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I 

Of  the  Comets. 

185.  There  are  sometimes  seen  in  the  heavens  oertidn 
bodies,  accompanied  by  a  train  of  faint  light,  which  has  OC' 
caponed  them  to  be  called  comets.  Their  appearance  and 
motions  are  extremely  various ;  and  the  only  general  re* 
marks  that  can  be  made  on  them  are,  that  the  train,  or  tiul, 
is  generally  small  on  the  first  appearance  of  a  comet,  gm- 
dually  lengthens  as  the  comet  comes  into  the  neighbour- 
hood of  the  Sun,  and  again  diminishes  as  it  retires  to  a 
distance.  Also  the  tail  is  always  extended  in  a  direction 
nearly  opposite  to  the  Sun. 

186.  The  opinions  of  philosophers  concerning  comets 
have  been  very  different  Sir  Isaac  Newton  first  showed 
that  they  are  a  part  of  the  solar  system,  revolving  round 
the  Sun  in  trajectories,  nearly  parabolical,  having  the  Son 
in  the  focus.  Dr  Halley  computed  the  motions  of  several 
comets,  and,  among  them,  found  some  which  had  precisely 
the  same  trajectory.  He  therefore  concluded,  that  these 
were  different  appearances  of  one  comet,  and  that  the  path 
of  a  comet  is  a  very  eccentric  ellipse,  having  the  Sun  in  one 
focus.  The  apparition  of  the  comet  of  1682  in  1759,  which 
was  predicted  by  Halley,  has  given  his  opinion  the  most 
complete  confirmation. 

187.  Comets  are  therefore  planets,  resembling  the  others 
in  the  laws  of  their  motion,  revolving  round  the  Sun  in 
ellipses,  describing  areas  proportional  to  the  times,  and  hav* 
ing  the  squares  of  their  periodic  times  proportional  to  the 
cubes  of  their  mean  distances  from  the  Sun.  They  ditBer 
from  the  planets  in  the  great  variety  in  the  position  of  their 
orbits,  and  in  this,  that  many  of  them  have  their  course  in 
antecedentia  signorum, 

188.  Their  number  is  very  great;  but  there  are  but 
few  with  the  elements  of  whose  motions  we  are  well  ac- 
quainted. The  comet  of  1680  came  very  near  to  the  Sun 
on  the  11th  of  December,  its  distance  not  exceeding  his 
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«nu&meter.  ^When.  in  its  aphelion,  it  will  be  almost  150 
times  £nther  from  the  Sun  than  the  Earth  is.  Our  ideas 
cf  die  extent  of  the  solar  system  are  thus  greatlj  enlarged. 
189.  No  satisfactory  knowledge  has  been  acquired  con- 
eernSngtlK  cause  of  that  train  of  light  which  accompanies 
the  oomets.  Some  philosophers  imagine  that  it  is  the  rarer 
atmosphere  of  the  comet,  impelled  by  the  Sun^s  rays. 
OdicTS  ima^e,  that  it  is  the  atmosphere  of  the  comet, 
rim^in  the  solar  atmosphere  by  its  specific  levity.  Others 
imagBie,  that  it  is  a  phenomenon  of  the  same  kind  with  the 
mran  boreafis,  and  that  this  Earth  would  appear  like  a 
oomet  to  a  spectator  placed  on  another  planet.  Consult 
NewtoQ^s  Principia  ; — a  IKssertation,  by  Professor  Hamil- 
ton of  Tnnity  College,  Dublin ;— a  Dissertation  by  Mr 
Winfliarpe  of  New  Jersey,  &c. ;  both  in  the  Philosophical 
Trmisaetkmi. 
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190.  It  is  hoped,  that  the  preceding  aoooimt  of  the  ce- 
lestial [dienom^na  has  given  the  attentive  student  a  distiaflt 
conception  of  the  nature  of  that  evidence  which  Kxflm 
had  for  the  truth  of  the  three  general  fiKsts  disooverod  bf 
him  in  all  the  motions,  and  for  the  truth  of  those  seeou^g 
deviations  firom  EepWs  laws,  which  were  so  happily  fa- 
condled  with  them  by  Sir  Isaac  Newton,  by  shewing,  that 
these  deviations  are  examples  of  mutual  deflectiona  of  the 
celestial  bodies  towards  one  another.  Several  jdienoBiflaa 
were  occasionally  noticed,  although  not  immec&atefy  si^ 
servient  to  this  purpose.  These  are  the  dhiei  ofageota*  ef 
our  subsequent  attempts  to  explain.  The  account  given 
of  the  kind  of  observation,  by  which  the  different  motions 
were  proved  to  be  what  has  been  affirmed  of  them,  has  been 
exceedingly  short  and  slight,  on  the  presumption  that  the 
young  astronomer  will  study  the  celestial  phenomenok^ 
in  the  detail,  as  delivered  by  Gregory,  Eeill,  and  other 
authors  of  reputation.  This  study  will  terminate  in  the 
fullest  conviction  of  the  validity  of  the  evidence  for  the 
truth  of  the  Copemican  system  of  the  Sun  and  planets ; 
and  in  a  minute  acquaintance  with  all  those  peculiarities 
of  motion  that  distinguish  the  individuals  of  the  magnifi- 
cent assemblage. 

We  are  now  in  a  condition  to  investigate  the  particular 
characters  of  those  extensive  powers  of  nature,  those  me- 
chanical affections  of  matter,  which  cause  the  observed  de- 
viations from  that  uniform  rectilineal  motion  which  would 
have  been  observed  in  every  body,  had  it  been  under  no 
mechanical  influence.  And  we  shall  also  be  able  to  ex- 
plain or  account  for  the  distinguishing  peculiarities  of  mo- 
tion which  characterize  the  individuals  of  the  system,  if  we 
shall  so  far  succeed  in  our  first  investigation,  as  to  shew  that 
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BO  Other  force  opermles  in  the^ystem,  and  that  these  pecu- 
finkiei  are  only  particular  and  accurately  narrated  cases 
of  the  three  general  laws,  predsely  oonfiumable  to  their 
Iqpliniale  ccmaequeiioes. 

In  our  first  inveadgation,  we  must  affirm  the  forces  to 
be  such  as  are  indicated  by  the  motions,  in  the  manner 
agned  on  in  the  general  doctrines  of  Dynamics.  That  is, 
die  kind  and  the  intensity  of  the  force  must  be  inferred 
ftoB  the  cBieotion  and  the  magnitude  of  the  change  which 
wt  ooDflider  as  its  ^ect. 

In  all  this  process,  it  is  plain,  that  we  consider  the  hea- 
mdy  bodies  as  consisting  of  matter  that  has  the  same  me- 
chankial  properties  with  the  bodies  which  are  daily  in  our 
hinds.  We  are  not  at  liberty  to  imagine,  that  the  celestial 
■latter  has  any  other  fvoperties  than  wliat  is  indicated  by 
the  motioDS,  otherwise  we  have  no  explanation,  and  may 
as  weD  test  eontented  with  the  simple  narration  of  the 
facts.  The  constant  practice,  in  all  attempts  to  explain  a 
nalxiial  appearance,  is  to  try  to  find  a  class  of  familiar  phe- 
nomena whidi  resemUe  it ;  and  if  we  succeed,  we  account 
it  to  be  one  of  the  number,  and  we  rest  satisfied  with  this 
as  a  sufficient  exfdanation.  Accordingly,  this  is  the  way 
that  pUlosophers,  both  in  ancient  and  modem  times,  have 
proceeded  in  thdr  attempt  to  discover  the  causes  of  the 
planetaiy  modems. 

191*  1.  Nothing  is  more  familiar  to  our  experience 
than  bodies.carried  round  fixed  centres  by  means  of  solid 
natter  connecting  the  bodies  with  the  centre,  in  one  way 
or  another.  This  was  the  first  attempt  to  explain  the 
planetary  motions  of  which  we  have  any  account.  £u- 
doxus  and  Callippus,  many  ages  before  our  era,  taught, 
Aat  all  the  stars  hi  the  firmament  are  so  many  lucid  pdnts 
or  bodies,  adhering  to  the  inside  of  a  vast  material  concave 
sphere,  which  turned  round  the  Earth  placed  in  the  centre 
in  twenty-four  hours.  It  was  called  the  crystallink 
sftBor  Sphere. 


M  PHYSICAL  ASTKOMOHT. 

But  this  will  not  explain  the  easteriy  motion  of  die  Sun 
and  Moon,  unless  we  suppose  them  endowed  with  some 
self-moving  power,  by  which  they  can  creep  sbwly  east- 
ward along  the  surface  of  the  crystalline  curb;,  far  less  wiQ 
it  account  for  the  Moon  sometimes  hiding  the  Sun  from 
us.  These  philosophers  were  therefore  obliged  to  say, 
that  there  were  other  spheres,  or  rather  sphmcal  shells, 
transparent,  like  vast  glass  globes,  one  witlun  another,  and 
all  having  a  common  centre.  The  Sun  and  the  Moon 
were  supposed  to  be  attached  to  the  surface  of  those  globes. 
The  sphere  which  carried  the  Moon  was  the  smallest,  im- 
mediately surrbunding  the  Earth.  The  sphere  of  the  Suil 
was  much  larger,  but  still  left  a  vast  space  between  it  and 
the  sphere  of  the  fixed  stars,  whidi  contained  all. 

This  machinery  may  make  a  shift  to  carry  round  the 
Moon,  the  Sun,  and  the  stars,  in  a  way  somewhat  like  what 
we  behold.  But  the  planets  gave  the  philosophers  much 
trouble,  in  order  to  explain  their  retrograde  and  dnect 
motions,  and  stationary  points,  &c  To  move  Jupiter  in 
a  way  resembling  what  we  behold,  they  supposed  the  shell 
of  his  sphere  to  be  of  vast  thickness,  and  in  its  solid  mat- 
ter they  lodged  a  small  transparent  sphere,  in  the  sarbce 
of  which  Jupiter  was  fixed.  This  sphere  turned  round  in 
the  hollow  made  for  it  in  the  thick  shell  of  the  deferent 
sphere,  and,  as  all  was  transparent,  exhibited  Jupiter  mov- 
ing to  the  westward,  when  his  episphere  brought  him  to- 
ward us,  and  to  the  east,  when  it  carried  him  round  toward 
the  outer  surface  of  the  deferent  shell.  Meanwhile,  the 
great  deferent  globe  was  moving  slowly  eastward,  or  ra- 
ther was  turning  more  slowly  westward,  than  the  sphere  of 
the  stars. 

No  doubt,  this  mechanism  will  produce  round-about 
motions,  and  stations,  and  retrogradations,  &c.  This, 
however,  is  only  a  very  gross  outline  of  the  planetary  mo- 
tions. But  the  Sun^s  unequable  motion  could  not  be  re- 
presented without  suppoang  the  Earth  out  of  the  centre 
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of  iDlition  of  hiB  sphere.  This  was  aooordingly  supposed, 
and  it  wis  an  easy  supposition.  But  the  moUon  of  Jupi- 
ter, in  xeladoa  to  the  centre  of  his  epicycle,  must  be  simi- 
lir  to  the  Sun^a  motion  in  relation  to  the  Earth  (123.) ; 
bat  a  sofid  sphere,  turning  in  a  hoUow  which  exactly  fits 
it,  can  only  turn  round  its  centre.  This  is  evident  Thare- 
fioce  the  inequality  of  Jupiter^s  epicydical  motion  cannot 
be  icpRsented  by  this  mechanism.  The  deferent  sphere 
may  be  eccentric,  but  the  epcyde  cannot.  This  obliged 
thooe  eng^eers  to  give  Jupiter  a  secondary  epicycle  much 
■nailer  than  the  epicycle  which  produced  his  retrograda^ 
tiooB  and  stations.  It  moved  in  a  hdlow  lodgement  made 
lor  it  in  the  solid  matter  of  the  epicyle,  just  as  this  moved 
m  a  hoUow  in  the  solid  matter  of  the  deferent  globe. 

£veD  this  would  not  correspond,  with  tolerable  exact- 
ness^ with  the  observed  tenor  of  Jupiter^s  motion ;  other 
epkydes  were  added,  to  tally  with  every  improvement 
made  on  the  equation  of  the  apparent  motion,  till  the  whole 
apace  was  almost  crammed  full  of  solid  mattery  and  after 
all  these  effinrts,  some  mathematicians  affirmed,  that  there 
are  motions  in  the  heavens  that  are  neither  uniform  nor 
dicular,  nor  can  be  compounded  of  such  motions.  If  so, 
dtts  spherical  machinery  is  impossible.  In  modem  times, 
TychoBrahe  proved,  beyond  all  contradiction,  that  the 
comet  of  1574  passed  through  all  those  spheres,  and  there- 
fore their  existence  was  a  mere  fiction. 

One  should  think  the  whole  of  this  contrivance  so  arUess 
and  rude,  that  we  wonder  that  it  ever  obtuned  the  least 
credit ;  yet  was  it  adopted  by  the  prince  of  ancient  philo- 
sophers-—by  Aristode;  and  his  authority  gave  it  possession 
of  all  the  schools  till  modem  times. 

But  where,  all  this  while,  is  the  mover  of  all  this  ma- 
diinery  ?  Aristotle  taught,  that  each  globe  was  conducted, 
or  turned  round  its  axis,  by  a  peculiar  genius  or  demon. 
This  was  worthy  of  the  rest ;  and  when  such  assertions 
are  called  ejFpkMotionSf  nothing  in  nature  need  remain  un- 
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explained.  We  must,  however,  do  J^yparehiu  and  Pto* 
lemy  the  justke  to  say,  that  they  never  adopted  this  hypo* 
thesis  of  Eudoxus  and  Callippus ;  tiiey  did  not  qieculale 
about  the  causes,  but  only  endeavoured  to  ascertain  tlit 
motions ;  and  their  ejMcycIe  and  deferent  drcles  are  given 
by  them  merely  as  steps  of  mathematical  conteflipiaiion, 
and  in  order  to  have  some  principle  to  direct  thinr  calddft^ 
tiott,  just  as  we  demonstrate  the  parabolic  path  of  a  cannoii 
ball  by  compounding  a  uniform  motion  in  the  line  of  di^ 
rection  with  a  unifcnrmly  accelerated  motion  in  the  vertical 
Hne.  There  is  no  such  composition,  but  the  motion  of  the 
ball  is  the  same  as  if  there  were. 

192.  S.  A  much  more  feaable  attempt  was  made  by 
Cleanthe^  another  philosc^her  of  Grreece,  to  asagn  the 
causes  of  the  planetary  motions.  He  observed,  that  bodies 
are  eaaly  carried  round  in  whirlpools  or  vortices  of  water. 
He  taught,  that  the  celestial  spaces  are  filled  with  an 
ethereal  fluid,  which  is  in  continual  motion  round  the 
Eaith,  and  that  it  carried  the  Sun  and  planets  round  with 
it.  But  a  slight  exanunation  of  this  specious  hjrpotheas 
shewed,  that  it  was  much  more  difficult  to  form  a  notion 
of  the  vortices,  so  as  to  correspond  with  the  observed  mo- 
tions, than  to  study  the  motions  themselves.  It  therefore 
gave  no  explanation.  Yet  this  very  hjrpotheas  was  re- 
vived in  modem  times,  and  was  mmntained  by  two  of  the 
most  eminent  mathematidans  and  philoso{rfia:s  of  Europe^ 
namdy,  by  Des  Cartes  and  Lribnitz;  and,  for  a  long 
while,  it  was  acquiesced  in  by  all. 

We  must  constantly  keep  in  mind,  thal^  an  explanation 
always  means  to  shew  that  the  subject  in  question  is  an 
example  of  something  that  we  clearly  understand.  What* 
ever  is  the  avowed  property  of  that  more  familiar  subject, 
must  therefore  be  admitted  in  the  use  made  of  it  for  ex- 
planation. We  e^cplain  the  splitting  of  glass  by  heat,  by 
shewing,  that  the  known  and  avowed  effiscts  of  heat  make 
the  glflss  twdl  on  one  side  to  a  certun  degree,  with  a  cer* 
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iMPiiaMum  fcvoe;  mfid  ve  abew,  that  the  tenacity  of  the 
othflr  flde  of  the  glass,  which  is  not  swelled  by  the  heat» 
mwfoi  aUk^Wiwst  this  force  which  is  pulling  it  asunder; 
k  asBil  thesffope  give  way.  In  short,  we  shew  the  splits 
tim^  to  be  one  of  the  ordinary  effects  of  heat,  which  op^ 
lalea  here  as  it  operates  in  all  other  casea. 

Now,  if  we  take  this  method,  we  find,  that  the  ^Sacts  of 
a  votaL  or  whirl  in  a  fluid  are  totally  unlike  the  planetaiy 
laotioM^  and  that  we  cannot  ascribe  them  to  the  vortica.1 
sodon  of  the  ether,  without  giving  it  laws  of  motion  un 
Eke  evoy  thing  observed  in  all  the  fluids  that  we  know ; 
nay,  in  eontradiction  of  all  those  laws  of  mechanics  which 
ace  »^m^s>A  by  the  very  patrons  of  the  hypothesis.  To 
^ve  thaa  fluid  properdes  unknown  in  all  others,  is  absurd  ; 
we  had  better  give  those  properties  to  th^  planets  them- 
aehreiL  The  fact  is,  that  these  two  philosophers  had  not 
taken  the  trouble  to  think  about  the  matter,  or  to  inquire 
what  worinns  of  a  vortex  of  fluid  are  possible,  and  what 
are  not,  or  what  effects  will  be  produced  by  such  vortioea 
as  ace  poasible.  They  had  not  thought  of  any  means  of 
movii^  the  fluid  itself,  or  for  preserving  it  in  motion ;  they 
oomented  themselves  (at  least  this  was  the  case  with  Des 
Cartes)  with  merely  throwing  out  the  general  fact,  that 
bo£es  wuMf  be  carried  round  by  a  vortex.  It  is  to  Sir 
Isaac  Newton  that  we  are  indebted  for  all  that  we  know  of 
vortical  motion.  In  examining  this  hypothesis  of  Des 
Cartes,  whidi  had  supreme  authcnity  among  the  philoso- 
jhen  at  that  time,  he  found  it  necessary  to  inquire  into 
die  manupr  in  whidi  a  vortex  may  be  produced,  and  the 
ennfititutian  of  the  vortex  which  results  from  the  mode  of 
its  production.  This  led  him,  by  necessary  steps,  to  dis- 
cover what  forms  of  vortical  modem  are  posdble,  what  are 
permanent,  and  the  variaticms  to  which  the  others  are  sub- 
ject In  the  second  book  of  his  Mathematical  Principles 
oi  Natural  FhiloflO|iby,  he  has  given  the  result  of  this  ex* 
animation;  and  it  cimtains  a  beautiful  ^stem  of  mechani- 
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cal  doctrine^  ooHoerniiig  the  mutual  action  of  the  fyUuaients 
of  fluid  matter,  by  which  they  modify  each  other^s  motioii. 
The  result  of  the  whole  was  a  complete  refutadbn  of  thk 
hypothesis  as  an  explanation  of  the  planetary  motioDS, 
shewing  that  the  legitimate  omsequences  of  a  vortical  mo- 
tion are  altogether  unlike  tiie  planetary  motions,  nay,  are 
incompatible  with  them.  It  is  quite  enough,  in  thb  place, 
for  proving  the  insuffidency  of  the  hypothesis,  to  observe, 
that  it  must  explain  the  motion  of  the  comets  as  well  aM 
that  of  the  planets.  If  Mars  be  carried  round  the  Sun  by 
a  fluid  vortex,  so  is  th^  comet  which,  appeared  in  1682  and 
1759*  This  comet  came  from  an  iounense  distance,  in 
the  northern  quarter  of  the  heavens,  into  our  naghbour- 
hood,  passing  through  the  vortices  of  all  the  planets,  de- 
scribing its  very  eccentric  ellipse  with  the  most  perfect 
regularity.  Now,  it  is  absolutely  impossible,  that,  in  one 
and  the  same  place,  there  can  be  pas»ng  a  stream  of  the 
vortex  of  a  planet,  and  a  stream  of  the  cometary  vortex, 
having  a  direction  and  a  velocity  so  very  different.  It  is 
inconceivable  that  these  two  streams  of  fluid  shall  have 
force  enough,  one  of  them  to  drag  a  planet  along  with  it, 
and  the  other  to  drag  a  comet,  and  yet  that  the  particles 
of  the  one  stream  shall  not  disturb  the  motion  of  those  of 
the  other  in  the  smallest  d^ree ;  even  the  infinitely  rare 
vapour  which  formed  the  tail  of  the  comet  was  not  in  the 
least  deranged  by  the  motion  of  the  planetary  vortices 
through  which  it  passed.  All  this  is  inconceivable  and 
absurd. 

It  is  a  pity  that  the  account  given  by  Newton  of  vortical 
motions  appeared  on  such  an  occasion ;  for  this  limited  the 
attention  of  his  readers  to  this  particular  employment  of  it, 
which  purpose  being  completely  answered  in  another  way, 
this  argument  became  unnecessary,  and  was  not  looked  in- 
to. But  it  contains  much  valuable  information,  of  great 
service  in  all  problems  of  hydraulics.  Many  consequences 
of  the  mutual  action  of  the  fluid  filaments  produce  impor- 

I 


SXPLAXATIOH  BY  VORTICXs/  89 

taut  dmagCB  cm  the  motion  of  the  whole ;  so  that  till  these 
are  undentood  and  taken  into  the  account,  we  cannot  ^ve 
an  answer  to  very  simple,  yet  important  questions.  This 
is  the  cause  why  this  branch  of  mechanical  philosophy  is 
in  so  imperfect  a  state,  although  it  is  one  of  the  most  im- 
portant. 

193i  S.  Many  c^  the  ancient  philosophers,  struck  with 
the  (sder,  r^ularity^  and  harmonious  co-operation  of  the 
plaiiptinry  motions,  imagined  that  they  were  conducted  by 
.  intelligent  mmds.  Aristotle's  way  of  conceiving  this  has 
been  already  mentioned.  The  same  doctrine  has  been  re- 
vived^ in  some  respect,  in  modem  times.  Leibnitz  animates 
every  partide  of  matter,  when  he  gives  his  Monads  a  per- 
ceptkm  of  th^  situation  with  respect  to  every  other  monad, 
and  a  motion  in  consequence  of  this  perception.  This, 
and  tbe  elemental  mind  ascribed  by  Lord  Monboddo  to 
eveiy  thing  that  begins  motion,  do  not  seem  to  differ  much 
from  the  •rm^  ^f,vx'*  of  Aristotle ;  nor  do  they  differ  from 
what  all  the  world  distinguishes  by  the  name  of  Jbrce. 

This  doctrine  cannot  be  called  a  hypothesb ;  it  is  rather 
a  definition,  or  a  misnomer,  giving  the  name  Mind  to  what 
exhibits  none  of  those  phenomena  by  which  we  distinguish 
nnnd.  Ko  end  beneficial  to  the  agent  is  gained  by  the 
motkm  of  the  planet.  It  may  be  beneficial  to  its  inhabit- 
ants— ^But  should  we  think  more  highly  of  the  mind  of  an 
animal  when  it  is  covered  with  vermin  ? — Nor  does  this 
doctrine  give  the  smallest  explanation  of  the  planetary  mo- 
tions. We  must  explain  the  motions  by  studying  them, 
in  order  to  discover  the  laws  by  which  the  action  of  their 
cause  is  regulated :  this  is  just  the  way  that  we  learn  the 
nature  of  any  mechanical  force.     Accordingly, 

194.  4.  Many  philosophers,  both  in  ancient  and  modem 
times,  imagined  that  the  planets  were  deflected  from  uniform 
rectilineal  motion  by  forces  similar  to  what  we  observe  in 
the  motions  of  magnetical  and  electrical  bodies,  or  in  the 
motion  of  common  heavy  bodies,  where  one  body  seems  to 
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influenee  die  motioii  of  another  at  a  distaiioe  fiom  it,  witlh 
out  any  intervening  impulsbn.    It  is  thus  that  a  Blape  is 
bent  continually  from  the  line  of  its  direction  tomttda  the 
Earth*    In  the  same  manner,  an  iron  ball,  loUiog  along  a 
level  taUe,  will  be  turned  aside  toward  a  magnet,  and*  by 
properly  adjusting  the  distance  and  the  velocity,  the  hall 
may  be  made  to  revolve  round  the  pole  of  the  magnet 
Mttiy  of  the  ancients  said  that  the  curvilineal  motidiis  ef 
the  planets  were  produced  by  Umdtnaes  to  one  another^  cr 
to  a  oommcm  centre.    Among  the  modems,  Fermat  is  |ba 
first  who  said  in  predse  terms  that  die  weight  oi  a  body  ia 
the  sum  oi  the  tendencies  of  each  particle  to  every  particle 
of  the  Earth.  Kepler  said  still  more  expressly,  that  if  thote 
be  supposed  two  bodies,  placed  out  of  the  reach  of  all  ex- 
ternal forces,  and  at  perfect  liberty  to  move,  they  would 
approach  each  other,  with  velocities  inversely  proportional 
to  their  quantities  of  matter.    The  Moon  (says  he)  and 
the  Earth  mutually  attract  each  other,  and  are  jHeevented 
from  meeting  by  their  revolution  round  their  common 
centre  of  attraction.    And  he  says  that  the  tides  of  the 
ocean  are  the  eflfects  of  the  Moon^s  ikttraction,  heaping  up 
the  waters  immediately  under  her.    Then,  adopting  the 
(^Mnion  of  our  countryman,  Dr  Grilbert  of  Colchester,  that 
the  Earth  is  a  great  magnet,  he  explains  how  this  mutual 
attraction  will  produce  a  deflection  into  a  curvilineal  path, 
and  adds,  <  Fmtoto  inme  JU  amor  an  gloria^  hjuamiur 

<  dogmaia  mea^  qumjleraque  ab  aUis  acoepktjiro.  T(^am 

<  oitronomiam  CcpemiAhypoihesibua de  mufMJo,  Tychomi 

*  vero  Brahei  cbiervaiiofMuej  denique  Gtdieimi  GilberU 

*  JngU  phihsojpkke  nuxgneUcas  Uwsdifiico.' 

SPIT.  ASTE.  COPEEN. 

195.  The  most  express  surmise  to  this  purpose  is  that  of 
Dr  Robert  Hooke,  one  of  the  most  ardent  and  ingenious 
students  of  nature  in  that  busy  period.  At  a  meeting  ci 
the  Royal  Sooety,  on  May  8, 1666,  he  expressed  himsell 
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<  I  willeqdaki  A  ^^stiein  of  the  worid  very  difibrent  froM 
wy  jet  leedTed ;  and  it  is  founded  on  the  three  fi^oir- 
imgpoMaoB. 

*  t.  tbak.  ail  the  heavenly  bodies  have  not  only  a  gr*- 
vitalaoaof  their  parts  to  their  own  proper  centre,  but  that 
tliey  alsosatually  attract  each  other  within  their  s{Aere8 
of  actiGO. 

<  SL  Thit  dl  bodies  having  a  simple  motion,  will  con- 
timw  to  mofve  in  a  straight  line,  unless  continually  deflect- 
ed from  it  by  some  extraneous  force,  oaunng  them  to 
describe  a  drde,  an  ellipse,  or  some  other  curve. 

*  S»  That  tUs  attraction  is  so  much  the  greater  as  the 
bodies  are  neaier«  As  to  the  proportion  in  whidi  those 
fbcoes  dinmish  by  an  increase  c£  distance,  I  own  (says 
he)  I  have  not  discovered  it,  although  I  have  made  some 
esperiBMnts  to  this  purpose.  I  leave  this  to  others,  who 
have  time  aad  knowledge  sufficient  for  the  task.^ 

This  is  a  very  precise  enunciation  of  a  pnqper  philoso*- 
pUcal  theory.  The  phenomenon,  the  change  of  motion,  is 
ooDskleted  as  the  mark  and  measure  of  a  changing  force, 
aad  his  audience  is  referred  to  experience  for  the  nature  of 
this  fcMoe.  He  had  before  this  exhibited  to  the  Society  a 
very  pretty  experiment  contrived  on  these  principles.  A 
bdi,  suspeDded  by  a  long  thread  from  the  ceiling,  was  made 
to  swing  nmnd  anoth^  ball  laid  on  a  table  immediatdy  b^ 
k>w  the  point  of  suspension.  When  the  push  given  to  the 
pendulum  was  nicely  adjusted  to  its  deviaticm  from  the 
perpendicular,  it  described  a  perfect  drde  round  the  ball 
on  the  table.  But  when  the  push  was  very  great,  or  very 
■naU^  it  described  an  ellipse,  having  the  other  ball  in  its 
ceitie.  Hooke  shewed  that  this  was  the  operation  of  a 
dcAectii^  force  proportional  to  the  disUuice  from  another 
ball  He  added,  that  although  this  illustrated  the  planetary 
motions  in  some  d^ree,  yet  it  was  not  suitable  to  their 
euse.  For  the  planets  describe  ellipses  having  the  Sun, 
not  m  the  oentre,  but  in  the  focus.     Therefore  they  are 
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not  retained  by  a  fcnx^  propcMrtional  to  thor  distance  from 
the  Sun.  This  was  strict  reasoning,  from  good  fHinciples. 
It  is  worthy  of  remark,  that  in  this  dear,  and  candid,  and 
modest  exposition  of  a  rational  theory,  he  anticipated  the 
discoveries  of  Newton,  as  he  anticipated,  with  equal  dia* 
tinctness  and  precision,  the  discoveries  of  Lavoisier,  a  phi- 
losopher inferior  perhaps  only  to  Newton. 

Thus  we  see  that  many  had  noticed  certain  pcnnts  of  re- 
semblance between  the  celestial  motions  and  the  motions  of 
magnets  and  heavy  bodies.  But  these  observers  let  the 
remark  remain  barren  in  their  hands,  because  they  had 
neither  examined  with  suffident  attention  the  odestial  mo^ 
tions,  which  they  attempted  to  explain,  nor  had  they  form- 
ed to  themselves  any  precise  notions  of  the  motions  fitxn 
which  they  hoped  to  derive  an  explanation. 

196.  At  last  a  genius  arose,  fully  qualified,  both  by  talents 
and  disposition,  for  those  arduous  tasks.  I  speak  c^  Sir 
Isaac  Newton.  This  ornament,  this  boast  of  our  nature, 
had  a  most  acute  and  penetrating  mind,  accompanied  by 
the  soundest  judgment,  with  a  modest  and  proper  diffidence 
in  his  own  understanding.  He  had  a  patience  in  investigi^ 
tion,  which  I  believe  is  yet  without  an  equal,  and  was  con- 
vinced that  this  was  the  only  compensation  attainable  for  the 
imperfection  of  human  understanding,  and  that  when  ex- 
ercised in  prosecuting  the  conjectures  of  a  curious  mind,  it 
would  not  fail  of  giving  him  all  the  information  that  we  are 
warranted  to  hope  for.  Although  only  24  years  of  age^ 
Mr  Newton  had  already  given  the  most  illustrious  spedmen 
of  his  alnlity  to  promote  the  knowledge  of  nature,  in  his 
curious  discoveries  concerning  light  and  colours.  These 
were  the  result  of  the  most  unwearied  patience,  in  making 
experiments  of  the  most  deUcate  kind,  and  the  most  acute 
penetration  in  separating  the  resulting  phenomena  from 
eadi  other,  and  the  clearest  and  most  precise  logic  in  rea- 
soning from  them ;  and  they  terminated  in  forming  a  body 

sdenoe  which  gave  a  total  change  to  all  the  notions  of 
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pluloBophen  on  this  subject  Yet  this  body  of  optical 
was  nothing  but  a  fair  narration  of  the  facts  pre- 
to  bis  view.  Not  a  single  supposition  or  conjecture 
II  to  be  found  in  it,  nor  reasoning  on  any  thing  not  imme- 
£aldy  before  the  eye ;  and  all  its  science  consisted  in  the 
jufidous  dassification.  This  had  brought  to  light  certain 
general  laws,  which  comprehended  all  the  rest.  Young 
Newton  saw  that  this  was  sure  ground,  and  that  a  theory, 
m  fixuided,  could  never  be  shaken.  He  was  determined 
thefefore  to  proceed  in  no  other  way  in  all  his  future  spe- 
colatiDns,  well  knowing  that  the  fair  exhibition  of  a  law  of 
nature  is  a  discoveiy,  and  all  the  discovery  to  which  our 
Eniited  powers  will  ever  admit  us.  For  he  felt  in  its  full 
fixoe  the  impcvtance  of  that  maxim  so  warmly  inculcated 
by  Lord  Bacon,  that  nothing  is  to  be  received  as  proved  in 
the  study  of  nature  that  is  not  logically  inferred  from  an 
ofaserred  £act;  that  accurate  observation  of  phenomena 
must  precede  all  theory;  and  that  the  only  admissible 
theory  is  a  proof  that  the  phenomena  under  consideration 
is  indttded  in  some  general  fact,  or  law  of  nature. 

197.  Retired  to  his  country  house,  to  escape  the  plague 
wbish  then  raged  at  Cambridge  where  he  studied,  and  one 
day  walking  in  his  garden,  his  thoughts  were  turned  to  the 
causes  d[  the  planetary  motions.  A  conjecture  to  this  pur- 
pose occurred  to  him.  Adhering  to  the  Baconian  maxim, 
he  immediately  compared  it  with  the  phenomena,  by  calcu- 
lation. But  he  was  misled  by  a  false  estimation  he  had 
made  of  the  bulk  of  the  Earth.  His  calculation  shewed 
him  that  his  conjecture  did  not  agree  with  the  phenomenon. 
Newton  gave  it  up  without  hesitation ;  yet  the  difference 
was  only  about  a  sixth  or  seventh  part ;  and  the  conjecture, 
had  it  been  confirmed  by  the  calculation,  was  such  as  would 
have  acquired  him  great  celebrity.  What  youth  but  New- 
toD  could  have  reosted  such  a  temptaUon  ?  But  he  thought 
no  more  of  it. 

As  he  admired  Des  Cartes  as  the  first  mathematician  of 
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EiuN^,  and  as  his  denre  of  imdentanding  the  jUtimtnrj 
motions  never  quitted  bia  rnind^  be  set  himself  to  examiiM^ 
in  his  own  strict  manneri  the  Cartesian  theory*  which  # 
this  time  was  sufnreme  in  the  uniy^ties  of  Euzope.  Ht 
discoyered  its  nuUity,  but  would  neyer  have  pubHslied  a 
refutation,  hating  ccmtroversy  above  all  tluiigs*  and  beui^ 
already  made  unhappy  by  the  contests  to  whieb  bis  oplicsl 
disooyeries  had  given  occasion.  His  critical  discovmea  had 
leconunended  him  to  the  Royal  Socie^,  and  he  was  now  a 
member.  There  he  learned  the  accurate  measurement  of 
the  Earth  by  Picard,  differing  very  much  from  the  cstinii^ 
tion  by  which  he  had  made  his  calculaticm  in  1666 ;  and 
he  thought  his  coi^ecture  now  more  likely  to  be  just  He 
went  home,  took  out  his  <dd  papers,  and  resumed  hia  cdon* 
'lations. '  As  they  drew' to  a  close,  he  was  so  much  agitated, 
that  he  was  obliged  to  desire  a  friend  to  finish  them.  His 
former  conjecture  was  now  found  to  agree  with  the  pheno* 
mena  with  the  utmost  precision.  No  wonder  thai  diat  his 
mind  was  agitated.  He  saw  the  revolution  he  was  to  make 
in  the  opinions  of  men,  and  that  he  was  to  stand  at  the  head 
of  philosophers. 

198.  Newton  now  saw  a  grand  scene  laid  open  befiaw 
him ;  and  he  was  prepared  for  exploring  it  in  the  com[detaBt 
manner  T  for,  ere  this  time,  he  had  invented  a  spedes  of 
geometry  that  seemed  precisely  made  for  this  research.  Dr 
Hooke's  discourse  to  the  Society,  and  his  shewing  that  the 
pendulum  was  not  a  proper  representation  of  the  planetaiy 
forces,  was  a  sort  of  challenge  to  him  to  find  out  that  law 
of  deflecUon  which  Hooke  owned  himself  unable  to  dis^ 
cover.  He  therefore  set  himself  seriously  to  work  on  the 
great  problem,  to  <  determine  the  motion  of  a  body  under 
*  the  continual  influence  of  a  deflecting  force/  There  were 
found  among  his  papers  many  experiments  on  the  force  of 
magnets ;  but  this  does  not  seem  to  have  detmned  him  long. 
He  began  to  consider  the  motions  of  terrestrial  bodies  with 
an  attention  that  never  had  been  bestowed  on  them  befiue ; 
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nd  IB  A  ibort  tiine  composed  twdve  propositions,  whidi 
eoDtjyiied  the  feting  pomts  of  celestial  mechanism.  Some 
yam  after,  tib.  in  1688,  he  communicated  them  to  the 
Bojal  Sodety,  and  they  were  entered  on  record.  But  ao 
Etdeiraa  Newton  diqxiaed  to  court  fame,  that  he  never 
diought  of  publishing,  till  Dr  Edmund  Halley,  the  most 
eauneiit  mathematician  and  philosc^er  in  the  kingdom, 
wort  to  visit  him  at  Cambridge,  and  never  ceased  impor- 
tmuiig  and  entreating  him,  till  he  was  prevailed  on  to  bring 
Us  whde  thoughts  on  the  subject  together,  digested  into  a 
ngalar  ajrstem  of  universal  mechanics.  Dr  Halley  was  even 
obliged  to  correct  the  manuscript,  to  get  the  figures  en- 
graved^  and,  finally,  to  take  charge  of  the  printing  and 
pohKcalaaii.  Newton  an[doyed  but  eighteen  months  to 
compoae  tins  immortal  work.  It  was  published  at  last,  in 
1687,  under  the  title  of  MathemaHcal  Principles  xyf  Nixfu^ 
fo/  mhm)phjfj  and  will  be  accounted  the  sacred  oracles  of 
aatund  philoeophy  as  long  as  any  knowledge  remains  in 
Europe. 

199l  It  15  plain,  that  in  this  process  of  investigation,  in 
Older  to  explidn  the  planetary  motions  by  means  of  our 
knowledge  of  moticms  that  are  more  familiar,  Newton  was 
obBged  to  suppose  that  the  planets  consist  of  common 
matter,  in  whidi  we  infer  the  natiu^e  of  the  moving  cause 
finom  the  motions  that  we  observe.  Newton^s  first  step, 
tfaerefere^  was  a  scrupulous  observation  of  the  celestial 
nmtions,  knowing  that  any  mistake  with  regard  to  these 
■nist  Ining  virith  it  a  similar  mistake  with  regard  to  the 
Bfltmnd  power  inferred  from  it.  Every  force,  and  every 
degree  of  it,  is  merely  a  philosophical  interpretation  of 
some  change  of  motion  according  to  the  Copemican  system. 
The  Earth  is  said  to  gravitate  towards  the  Sun,  because, 
and  only  because^  she  describes  a  curve  line  concave  toward 
die  Siln,  and  areas  proportional  to  the  times.  If  this  be 
nottme,  it  is  not  true  that  the  Earth  gravitates  to  the 
Sun.    For  this  reason,  a  doubt  was  expressed  (ITT-)*  ^1^^- 
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ther  the  Newtonian  disooveries  were  used  with  propiiety  as 
arguments  for  the  truth  of  the  Copemican  system. 

Most  fortunately  for  science,  the  real  motions  of  the 
heavenly  bodies  had  been  at  last  detected ;  and  the  saga^ 
dous  Kepler  had  reduced  them  all  to  three  general  fiicts, 
known  by  the  name  of  the  laws  of  Kepler. 

200.  The  first  of  those  laws  b,  that  aUihe  planeis  maoe 
round  ihe  Sun  in  such  a  manner  that  the  Une  drawn  Jrtm 
a  planet  to  ihe  Sun  passes  ooer  or  describes  (yerrit,  sweeps) 
areas  proportional  to  the  times  of  the  motion. 

Hence  Newton  made  his  first  and  great  inference,  that 
the  deflection  of  each  planet  is  ihe  action  of  ajbrce  abooM/s 
directed  toward  ttie  Sun  (219.)^  that  is,  such,  that  if  the 
planet  were  stopped,  and  then  let  go,  it  would  move  toward 
the  Sun  in  a  stnught  line,  with  a  motion  continually  acce- 
lerated, just  as  we  observe  a  stone  fall  toward  the  Earth. 
Subsequent  observation  has  shewn  this  observati^m  to  be 
much  more  extensive  than  Kepler  had  any  notion  of;  for 
it  comprehends  above  ninety  comets,  which  have  been  ac- 
curately observed.  A  similar  action  or  force  is  observed 
to  connect  the  Moon  with  this  Earth,  four  satellites  with 
Jupiter,  seven  with  Saturn,  and  six  with  HerschePs  planet, 
all  of  which  describe  round  the  central  body  areas  prc^xur- 
tional  to  the  times.  Newton  ascribed  all  these  deflecdons 
to  the  action  of  a  mechanical  force,  on  the  very  same  au- 
thority with  which  we  ascribe  the  deflection  of  a  bombshell, 
or  of  a  stone,  from  the  line  of  projection  to  its  weighty 
which  all  mankind  consider  as  ajbrce.  He  therefore  said 
that  the  primary  planets  are  retained  in  their  paihs  round 
the  Suny  and  the  satellites  in  their  paths  round  {heir  re- 
spective primarieSy  by  ajbrce  tending  toward  the  central 
bocb^.  But  it  must  be  noticed  that  this  expression  ascer-- 
tmns  nothing  but  the  direction  of  this  force,^  but  ^ves  no 
hint  as  to  its  manner  of  acting.  It  may  be  the  impulse  of 
a  streiqn  of  fluid  moving  toward  that  centre;  or  it  may 
he  the    attraction   of  the  central  body.      It    may  be  a 
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tendeaey  inherent  in  the  planet— it  may  be  the  influence 
of  iome  .ininirtering  £{nrit— but,  whatever  it  is,  this  is  the 
direction  of  its  effect 

201.  Having  made  this  great  step,  by  wbidi  the  relation 
of  the  planets  to  the  Sun  is  established,  and  the  Sun  proved 
to  be  the  great  reguktor  of  their  motions,  Newton  proceed- 
ed to  inquire  fiirther  into  the  nature  of  this  deflecting  force, 
of  which  nature  he  had  discovered  only  one  circumstance* 
He  now  endeavoured  to  discover  what  variation  is  made  in 
this  deflection  by  a  change  of  distance.  If  this  follow  any 
regular  law,  it  will  be  a  material  pdint  ascertained.  This 
can  be  discovered  only  by  comparing  the  momentary  deflec- 
tions of  a  planet  in  its  different  distances  from  the  Sun. 
The  magnitude  or  intensity  of  the  force  must  be  conceived 
as  predaely  proportional  to  the  magnitude  of  the  deflection 
which  it  juxKiuces  in  the  same  time,  just  as  we  measure  the 
Saroe  of  terrestrial  gravity  by  the  deflection  of  sixteen  feet 
in  a  second  ;  which  we  observe,  whether  it  be  a  bombshell 
flying  three  miles,  or  a  pebble  throMrn  to  the  distance  of  a 
few  yards,  or  a  stone  simply  dropped  from  the  hand.  Hence 
we  infer,  that  gravity  is  every  where  the  same.  We  must 
reason  in  the  same  way  concerning  the  planetary  deflections 
in  the  different  parts  of  their  orbits. 

Keplor^s  second  law,  with  the  assistance  of  the  first, 
enabled  Newton  to  make  this  comparison.  This  second 
general  fact  is,  that  eachpla/net  describes  an  ellipse^  having 
the  Sun  in  tmejbcus.  Therefore,  to  learn  the  proportion 
of  the  momentary  deflections  in  different  points  of  the 
elhpse,  we  have  only  to  know  tlie  proportion  of  the  arches . 
described  in  equal  small  moments  of  time.  This  we  may 
learn  by  drawing  a  pair  of  lines  from  the  Sun  to  different 
parts  of  the  ellipse,  so  that  each  pair  of  lines  shall  compre^ 
hend  equal  areas.  The  arches  on  which  these  areas  stand 
must  be  described  in  equal  times ;  and  the  proportion  of 
their  linear  deflections  from  the  tangents  must  be  taken  for 
the  proportion  of  the  deflecting  forces  which  produced  them. 

Vol.  III.  G 


9B  FHT8ICAL  AtTtOMUmr. 

To  make  those  equal  areas,  we  must  know  die  prectse  form 
of  the  ellipse,  and  we  must  know  the  geometrical  properties 
of  this  figure,  that  we  may  know  the  proportion  of  those 
linear  deflections. 

208.  TheJbrcebywhichaflainetdMcn^ 
Uondl  to  ihe  times  round ihejbcus  qfiU  MipHcal orbiiiSj  as 
ihe  square  of  Us  distancejrom  ihejbcus  inversely. 

Let  F  be  the  deflecting  force  in  the  aphdon  A  (Fig. 
17.)  andy  the  force  in  any  intermediate  point  P.  Let  V 
and  V  he  the  velocities  in  A  and  P,  and  C  and  <;  be  the 
deflective  chords  of  the  equicurve  circles  in  those  points.  . 

Then,  by  a  dynamical  propontion  we  have  F  :y  =? 

_;  —  ,  oT^zY^ci'c^C.    But,  when  areas  are  described 

proportional  to  the  times,  the  vdodty  in  A  is  to  that  in  P 
inversely  as  the  perpendiculars  drawn  from  F  to  the  tan- 
gents in  A  and  P.  F  A  is  perpendicular  to  the  tangent 
in  A,  and  F  N  is  perpendicular  to  the  tangent  P  N.  There- 

foreF:/=_l.:^,=:FN»xc:FA»XC. 

But  it  is  known  that  C,  the  deflective  chord  at  A,  is 
equal  to  L  the  principal  parameter  of  the  ellipse.  It  is 
also  known  that  P  O  is  half  the  deflective  chord  at  P,  and 
that.  PR  b  half  the  principal  parameter  L.  Moreover,  the 
triangles  F  N  P  and  P  Q  O  and  P  Q  R  are  similar,  and 
therefore  FN:  FP  =PQ  :  PO.  ButPO:PQ  =  PQ: 
P  R.  Therefore  PO  :  PR=PO^  :  PQ«.  Therefore  FN*  : 
FP2=PR :  PO,  and  FN*  +  PO  =  FP*  x  PR,  and  FN*  X 
2  P0  =  FP*x  PR;  that  is,  FN*  x  c  =  FP*  X  L. 

Therefore  F  :/=  FP*  x  L  :  F  A*  x  L,  =  FP*  :  FA^ 
that  is,  inversely  as  the  square  of  the  distance  from  F. 

203.  This  proposition  may  be  demonstrated  more  briefly, 
and  perhaps  more  palpably,  as  follows : 

If  P  />  be  a  very  minute  arch^  and  p  r  be  perpendicular 
to  the  radius  vector  P  F,  then  qpy  the  linear  deflection 
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firom  the  tangent  is,  ukiiiiatdy,  in  the  proportion  c£p  r*. 
Bo^  becBiue  equal  areas  are  described  in  equal  times,  the 
elementary  trian^e  P  F^  is  a  constant  quantity,  when  the 
mnments  are  supposed  equal,  and  therefore  pris  inversely 
asPFjandpHinversdyasPF'.  Therefore  jj)  is  inverse- 
ly as  PP  or  the  momentary  deflecticm  from  the  tangent  b 
inversdy  as  the  square  of  P  F,  the  distance  from  the  focus. 
Now,  the  momentary  deflection  is  the  measure  of  the  de- 
flectiog  fierce,  and  the  force  is  inversely  as  the  square  of  the 
distance  from  the  focus. 

Here,  then,  is  exhitntedaU  that  we  know  of  that  property 
or  mechanical  affection  of  the  masses  of  matter  which  com- 
pose the  solar  sjrstem.  Each  is  under  the  continual  inflo- 
enoe  of  a  force  directed  toward  the  Siin,  ur^g  the  planet 
in  that  direction ;  and  this  force  is  variable  in  its  intena^, 
beiDgmore  intense  as  the  planet  comes  nearer  to  the  Sun ; 
and  this  diange  is  in  the  inverse  duplicate  ratio  of  its  dis- 
tanoe  fitxn  the  Sun.  It  will  free  us  entirely  from  many 
metaphysical  objections  which  have  been  made  to  this  in- 
ference, if,  instead  of  saying  that  the  planets  manifest  such 
a  variable  tendency  toward  the  Sun,  we  content  ourselves 
with  smply  affirming  the  fact,  that  the  planets  are  conti- 
mudly  deflected  toward  the  Sun,  and  that  the  momentary 
dfflgctioDs  are  in  the  inverse  duplicate  ratio  of  the  distances 
fiom  htm. 

fl(M.  We  must  affirm  the  same  thing  of  the  forces  which 
retain  the  satellites  in  their  elliptical  prbits  round  their  pri- 
mary planets.  For  they  also  describe  ellipses  having  the 
primary  planet  in  the  focus ;  and  we  must  also  include  the 
Halleyan  comet,  which  shewed,  by  itsre»a])parition  in  1759, 
that  it  describes  an  ellipse  having  the  Sun  in  the  focus.  If 
the  other  comets  be  also  carried  round  in  eccentric  ellipses, 
we  must  draw  the  same  conclusion.  Nay,  should  they  de- 
scribe parabolas  or  hyperbolas  having  the  Sun  in  the  focus, 
we  should  still  find  that  they  are  ret»ned  by  a  force  in- 
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versely  proportioiial  to  the  squaVe  of*  the  di^tiUMfe.  iThiB'iB 
demons&at^  ia  jH-ecisely  the  saine  maimer  as  in  Ae  ease  of 
Optical  inofion ;  namely,  by  comparing  th^  lincbr -dciflee- 
tions  ocHTesponding  to  equal  elementary  aedxxrs  df  Ae  para- 
bola or  hyperbdisL  These  are  described  in  equal  timesi 
and  the  linear  deflections  are  proper  measures  of  die  dfr* 
fleeting  forces.  We  shall  find  in  both  of  those  curres  qf 
proportbnal  topt^.  It  is  the  common  property  of  theeoric 
sections  referred  to  a  JTocus. 

It  is  most  probable  that  the  comets  describe  very  eecen*' 
trie  ellipses.  But  we  get  sight  of  them  only  when  diey 
come  near  to  the  Sun,  within  the  oririt  of  Saturn.  None 
has  yet  been  observed  as  far  off  as  that  planet.  The^ 
siUe  portion  of  their  orbits  sensibly  ocnnddes  with  a  paia- 
•hcia.  or  hyperbcJa,  having  the  same  focus ;  and  their  motion, 
computed  on  this  supposition,  agrees  with  observation. 
The  computation  in  the  parabola  is  very  easy,  and  can  then 
be  transferred  to  an  ellipse  by  an  ingenious  theorem  of  Dr 
Halley^s  in  his  Astrofnomy  of  Comets,  M.  Lambert  of  Ber- 
lin has  greatly  simplified  the  whole  process.  The  student 
will  find  much  valuable  information  on  this  subject  in 
M*Laurin*s  TreaUse  ofFltucions.  The  chapters  on  cuira* 
ture  and  its  variations,  are  scarcely  distinguishable  from 
propointions  on  curvilineal  motion  and  deflecting  forces. 
Indeed,  since  all  that  we  know  of  a  deflecting  force  is  the 
deflection  which  we  ascribe  to  it,  the  employment  of  the 
vrovAJbrce  in  such  discussions  is  little  more  than  an  abbre- 
viation of  language 

This  proposition  being,  by  its  services  in  explaining  the 
phenomena  of  nature,  the  most  valuable  mechanical  theorem 
ever  given  to  the  world,  we  may  believe  that  much  atten- 
^Uon  has  been  given  to  it,  and  that  many  methods  of  de- 
monstrating it  have  been  ofiered  to  the  choice  of  mathema- 
'  ticians,  the  authors  claiming  some  merit  in  facilitating  or 
improving  the  investigation.  Newton's  d«nonstration  is 
very  short,  but  is  a  good  deal  cndimbercd  with  composition 


•  • 
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gf  itt!|(%  and  an  wittunetvad.  or  algebnucal  turn  of  expres- 
siofl^Aequeady  mixed  with  ideas  purely  geometrical.  New- 
ton VIS  otdiged  to  oompreaa  ioto  it  some  properties  of  the 
oofiic  aecdans  which  were  not  very  familiar  at  that  time, 
becauae  nH  «f  frequent  use :  they  are  now  familiar  to  every 
itudrati  makiBg  part  of  the  treatises  of  conic  sections.    By 
refcnii]^  to  these^  the  succeeding  authors  gave  their  de- 
montimiais  the  appearance  of  greater  simplicity  and  ele- 
gMM&    Bat  NewtoD  gives  another  demonstration  in  the 
iWMid  and  ihnd  ediUons  of  the  PrinctpiOy  employing  the 
deflective  diovd  of  the  equicurve  circle  precisely  in  the  way 
eHpiojvd  in  our  text.    This  mode  of  demonstration  has 
a  little^  by  employing  the  radius  of  curvature, 
q{  die  chord  passing  through  the  centre  of  forces. 
The  dieorama  ^ven  by  M.  De  Moivre  were  the  first  in 
this  way,  aad  are  very  general,  and  very  elegant     Those 
of  Ja  BeniouUi,   Hermann,    and   Keill,   scarcely   differ 
fiun  theniy  and  none  of  them  all  is  preferable  to  Newton'^s, 

either  for  generality,  simplicity,  or  ele- 


2QS»  It  renoains  now  to  inquire,  whether  there  be  any 
■lalagj  between  the  forces  which  retain  the  different  planets 
in  tbesr  respective  ortnts.  It  is  highly  probable  that  there 
ii,  aeeiBg  they  all  respect  the  Sun.  But  it  is  by  no  means 
certain.  Different  bodies  exhibit  very  differait  laws  of 
action.  Those  of  magnetism,  electricity,  and  cohesion,  are 
extremely  different ;  and  the  diymical  affinities,  considered 
» the  effects  of  attractive  and  repulsive  forces,  are  as  va- 
rious as  the  substances  themselves.  As  we  know  nothing 
of  the  constitution  of  the  heavenly  bodies,  we  cannot,  a 
jniori^  say  that  it  is  not  so  here.  Perhaps  the  planets  are 
defected  by  the  impulsion  of  a  fluid  in  motion,  or  are  thrust 
toward  the  Sun  l^  an  elastic  ssther,  denser  and  more  elastic 
u  we  recede  fitnn  the  Sun.  The  Sun  may  be  a  magnet, 
and  at  the  same  time  electricaL  The  Sun  so  constituted 
would  act  on  a  magnetical  planet  both  by  magnctical  and 
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electrical  attractioii^  while  another  planet  is  affected  only 
by  hb  electricity.  A  thousand  such  suf^XMitkma  may  be 
formed,  all  very  possible.  Newton  therefore  could  not  kafe 
this  question  undecided. 

Various  means  of  deciding  it  are  offered  to  iia  by  die 
phenomena.  The  motion  of  the  comets,  and  partieolariy 
of  the  HaUeyan  comet,  seems  to  decide  it  at  once*  TUs 
comet  came  from  a  distance^  far  beyond  the  remotest  cf 
the  known  planets,  and  came  nearer  to  the  Sun  than  VewUi 
Therefcnre  we  are  entitled  to  say,  that  a  {oree  inverscfy  ai 
the  square  of  the  distance  from  the  Sun,  extends  without 
intemipticm  through  the  whole  planetary  spaces.  But 
farther,  if  we  calculate  the  deflection  actually  obsenred  m 
the  HaUeyan  comet,  when  it  was  at  the  same  distance  firom 
the  Sun  as  any  of  the  planets,  we  shall  find  it  to  be  pre- 
cisely the  same  with  the  deflection  of  that  planet  There 
can  remain  no  doubt  therefore,  that  it  is  one  and  the  same 
force  which  deflects  both  the  comet  and  the  {danet 

But  Newton  could  not  employ  this  argument  The 
motions  of  the  comets  were  altogether  unknown,  and  pro- 
bably would  have  remained  so,  had  he  not  discovered  the 
sameness  of  the  planetary  force  through  its  whole  scene  of 
influence.  The  fact  is,  that  Newton^s  first  conjectures 
about  the  law  of  the  solar  force  were  founded  on  much 
easier  observations. 

Kepler'^s  third  law  is,  that  tJie  squares  of  ihe  periodk 
times  of  the  planets  are  in  the  same  proportion  zriih  As 
cubes  of  their  mean  distances  Jrom  the  Sun,  Thus,  Mars 
is  nearly  four  times  as  far  from  the  Sun  as  Mercury,  and 
his  period  is  nearly  eight  times  that  of  Mercury.  Now, 
4f»=64,  =  8 . 

The  planets  describe  figures  which  differ  very  little  firom 
circles,  whose  radii  are  those  mean  distances.  If  they  de- 
scribed circles,  it  would  have  been  very  easy  to  ascertain 
the  proportion  of  the  centripetal  forces.    For,  by  Dynamics 

wehady==^.    Now,  in  the  planetary  motions,  we  have 
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fi=f.    Therefore,  in  this  case,y==:^,  or  ==  ^,   that  is, 

the  tatCBB  whidi  regulate  the  motions  of  the  planets  at 
their  meaa  ^ig^i^«w>a  are  inversely  as  the  squares  of  those 
diitancea. 

Il  WW  this  noCioQ  (by  no  means  precise)  of  the  planetary 
force,  wfaidi  had  first  occupied  the  thoughts  of  young 
Newtoo,  while  yet  a  student  at  college— and,  on  no  better 
autbori^  than  tLus,  had  he  supposed  that  a  similar  analogy 
would  be  observed  between  the  deflection  of  the  Moon  and 
that  oi  a  oannon  ball.  His  disappointment,  occasioned  by 
hii  erroneous  estimation  of  the  bulk  of  this  Earthy  and  his 
hoRor  at  the  thoughts  of  any  such  controversies  as  his  opti- 
cal discoveries  had  engaged  him  in,  seem  to  have  made  him 
resolve  to  keep  these  thoughts  to  himself.  But  when  Pi- 
canTs  measure  of  the  Earth  had  removed  his  cause  of  mis- 
take^ and  he  saw  tliat  the  analogy  did  really  hold  with  res- 
pect to  the  force  reaching  from  the  Earth  to  the  Moon ; 
he  then  thought  it  wortli  his  while  to  study  the  subject 
seriously,  and  to  investigate  the  deflection  in  the  arch  of 
anellipae.  His  study  temunated  in  the  proposition  do- 
monstialed  above— doubdess  to  his  great  delight.  He  was 
no  knger  contented  with  the  vague  guess  which  he  had 
made  as  to  the  proportion  <^  the  forces  which  deflected  the 
different  planets.  The  orbit  of  Mars,  and  still  more  the 
orbit  of  Mercury,  is  too  eccentric  to  be  conodered  as  a  cir- 
cle. Besides,  at  the  mean  distances,  the  radius  vector  is 
not  perpendicular  to  the  curve,  as  it  is  in  a  circle.  He 
was  now  in  a  condition  to  compare  the  simultaneous  deflec- 
tions of  any  two  planets,  in  any  part  of  their  orbits.  This 
be  has  done.  In  the  fifteenth  proposition  of  the  first  book 
of  the  Prtndjpia,  he  demonstrates,  that  if  the  forces  ac- 
tuating the  different  planets  are  in  the  inverse  duplicate 
ratb  of  the  distances  from  the  Sun,  then  the  squares 
of  the  periodic  times  must  be  as  the  cubes  of  the  mean 
distances.     This  being  a  matter  of  observation,  it  follows. 
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conversely,  that  the  forces  are  in  this  inverse  duplicate 
tio  of  the  distances. 

Thus  was  his  darling  object  attained.  But  as^  this  fif- 
teenth prc^xMition  has  some  intricacy,  it  is  not  so  dear  ai 
we  should  wish  in  an  elementary  course  like  ours.  TIm 
same  truth'  may  be  easily  made  appear  in  the  Mkiwing 
manner. 

206.  If  a  planet^  when  at  ii9  mean  dietanee  Jinom  A$ 
Sunj  be  projected  m  a  direct^mperpendkulario  ihermSme 
vector^  rdth  the  same  xfelocittf  which  it  has  in  ^kai  pakU  of 
its  orbiiy  it  wiUdescribe  a  circle  round  the  Sun  in  the  same 
time  ^at  it  describes  the  ellipse. 

Let  ABPD  (Fig.  18.)  be  the  elfipdcal  orbit,  having  the 
Sun  in  the  focus  S.  Let  AP,  BD,  be  the  two  axes,  C  the 
centre,  A  the  aphelion,  P  the  perihelion,  and  B,  D,  the 
two  situations  of  mean  distance.  About  S  describe  the 
drcle  BDM.  Let  BE  and  BN  be  very  small  equal  arches 
of  the  circle  and  the  ellipse,  and  let  BE  be  one  half  of  BS. 
BM,  the  double  of  B  S,  is  the  deflective  chord  of  the 
drcle  of  curvature  in  the  point  B  of  the  orbit,  and-  BE  is 
one-fourth  of  that  chord.  Therefore  the  velocity  in  B  is 
that  which  the  force  in  B  would  generate  by  uniformly 
impelling  the  planet  along  BE.  But  a  body  projected  with 
this  velocity,  in  the  direction  BE,  will  describe  the  circle 
BEMD. 

The  arches  BE  and  BN  being  equal,  and  described  with 
equal  velocities,  will  be  described  iri*  equal  times.  The 
triangles  BES,  BNS,  having  equal  bases  BE  and  BN,  are 
proportional  to  their  altitudes  BS  and  BC  (for  the  elemen- 
tary arch  BN  may  be  considered  as  coinciding  with  the 
tangent  in  B,  and  BC  is  perpendicular  to  this  tangent). 
But,  because  BS  is  equal  to  CA,  the  area  of  the  circle  BMD 
is  to  that  of  the  ellipse  ABPD  as  AC  to  BC,  that  is,  as  BS 
to  BC,  that  is,  as  the  triangle  BES  to  the  triangle  BNS. 
These  triangles  are  therefore  similar  portions  of  the  whole 
^reas,  and  therefore,  since  the)^  are  described  in  equal  times, 
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the  aide  BMD  nd  tile  eUipse  ABPD  will  alsobe  describ- 
ed  io  equal  times. 

Thus  it  mppaaes  that  Newton^s  first  conjecture  was  per* 
fecCljF  just  For  if  the  planets,  instead  of  describing  theur 
elliptical  orbits^  were  describing  circles  at  the  same  distances, 
and  m  the  same  times,  they  would  do  it  bj  the  influence 
of  the  same  fiiroes^  Therefore  since,  in  this  case,  we 
Ebould  have  f^  dP,  the  forces  will  be  proportional  to  cP  in- 
Tersefy. 

807.  We  now  see  that  the  forces  which  retain  the  difler- 
cBt  planetB  in  their  ortnts  are  not  different  forces,  but  that 
all  are  under  the  influence  of  one  force,  which  extends  fixxn 
the  Sun  in  erery  direction,  and  decreases  in  intensity  as  the 
square  of  die  distance  from  the  Sun  increases.  The  inten- 
aty  at  any  particular  distance  is  the  same,  in  whatever  di- 
rection the  distance  is  taken.  Although  the  planetary 
ooufses  do  not  depart  far  from  our  ediptic,  the  influence  of 
the  regukting  force  is  by  no  means  ocHifined  to  that  ne^h- 
bomhood.  Comets  have  been  seen,  which  rise  ahnost  per- 
pend&nilar  to  the  ecliptic ;  and  their  orbits  or  trajectories 
occupy  all  quarters  of  the  heavens. 

This  relation,  in  which  they  all  stand  to  the  Sun,  may 
jmAly  be  called  a  cosmical  relation,  depending  on  their  mu- 
tual constitution,  which  appears  to  be  the  same  in  them  aU. 
As  this  force  respects  the  Sun,  it  may  be  called  a  solab 
FORCS,  in  the  same  sense  as  we  use  the  term  magnetical 
ibcoe.  All  persons  unaflected  by  peculiar  philosophical 
notions,  conceive  magnetism  distinctiy  enough  by  calling  it 
JUraetion.  For,  whatever  it  is,  its  effects  resemble  those 
of  attnction.  If  we  concrive  the  magnetical  phenomena  as 
ediBcts  of  a  tendency  toward  the  magnet,  inherent  in  the 
iron,  we  may  conceive  the  planetary  deflections  as  pro. 
duoed  in  the  same  way ;  but  this  also  indicates  a  sameness 
m  the  constitution  of  all  the  planets.  Or  we  may  ascribe 
the  deflections  to  the  impulsions  or  pressure  of  an  sether ; 
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but  this  also  indkalffl  a  namenpfw  of  ooostititfian  over  tk 
whole  system. 

Thus,  whatever  notioii'  we  entertam  of  what  we  hive 
called  a  solar  or  a  phnetary  force  (and  the  bbaerved  kv  of 
actum  limits  us  to  noezduave  manner  of  conoeiviDg  it)^ire 
see  a  power  of  nature,  whether  eztrinsici  like  the  Bc&m  of 
a  fluid,  or  intrinnc,  like  tendencicii  or  attractiona^  wfaidi  fit 
the  Sun  and  planets  for  a  particular  purpose,  ffmg  tfan 
a  cosmical  relation,  and  laws  of  action. 

208.  It  is  still  more  interesting  to  remark,  that  the  aald- 
lites  observe  the  same  law  of  ac^on.  For,  in  the  httle 
systems  of  a  planet  and  its  satellites,  we  observe  the  same 
analogy  between  the  distances  and  periodic  times.  In 
abort,  a  centripetal  force  in  the  inverse  duplicate  ratio  of 
the  distance  seems  to  be  the  bond  by  which  all  is  hdd  to- 
gether. 

S09.  As  the  analogy  observed  by  Kepler  between  the 
distances  of  the  revolving  bodies  and  the  periods  of  th» 
revolutions,  led  Newton  to  the  discovery  of  the  law  of  jdane- 
tary  deflection ;  so,  this  law  being  established,  we  are  led 
to  the  second  and  third  fact  observed  by  Kepler  as  its  ne- 
cessary consequences.  It  appears,  that  the  periodic  time  of 
a  planet  under  the  influence  of  a  force  inversely  as  the 
square  of  the  distance,  depends  on  its  mean  distance  alone, 
and  will  be  the  same,  whether  the  planet  describe  a  circle 
or  an  ellipse  having  any  degree  whatever  of  eccentrici^. 
This,  as  was  already  observed,  is  the  fifteenth  proposition 
of  the  first  book  of  Newton's  Frindpia.  Suppose  the  shorter 
aaus  B  D  of  the  ellipse  A  B  P  D  (Fig.  19.)  to  diminish  con- 
tinually, the  longer  axis  AF  remaining  the  same.  As  the 
extremi^  B  of  the  invariable  line  B  S  moves  from  B  toward 
C,  the  extremi^  S  will  move  toward  F,  and  when  B  coin- 
cides with  C,  S  will  coindde  with  P,  and  the  ellipse  is 
changed  into  a  stnught  line  F  A,  whose  length  is  twice  the 
mean  distance  S  B. 

In  all  the  successive  ellipses  produced  by  this  gradual 
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dimmnrinn  of  C  B,  the  periodic  time  remains  unchanged. 
Just  before  the  perfect  coincidence  of  B  with  C,  the  ellipee 
way  be  oonoeiiFed  as  undistinguiahable  from  the  line  F  A* 
Ik  levolataoQ  in  this  ellipse  is  undistinguishable  firom  the 
anent  of  the  body  from  the  perihelion  F  to  the  aphelion  A, 
and  the  subsequent  descent  from  A  to  P.  Therefone  a 
bodj  under  the  influence  of  the  eentral  force  will  descend 
fivMS  A  to  P  in  half  the  time  of  the  revolution  in  the  ellipse 
ADPBA.  Tberefiare  the  time  of  descending  from  any 
disTanoe  B  S  is  half  the  period  of  a  body  revolving  at  half 
that  distancp  from  the  Sun.  By  such  means  we  can  tell 
the  time  in  which  any  planet  would  fall  to  the  Sun.  Mul- 
tiply the  half  of  the  time  of  a  revolution  by  the  square  root 
of  the  cube  of  4,  that  is,  by  the  square  root  of  ^ ;  the  pro- 
duct is  the  time  of  descent  Or  divide  the  time  of  half  a 
revolution  by  the  square  root  of  the  cube  of  2,  that  is,  by 
the  square  root  of  8,  that  is,  by  2,82847 ;  or,  which  is  the 
shortest  process,  multiply  the  time  of  a  revoluticm  by  the 
dccamal  0,176776; 

d.    h. 
Mercury  will  fall  to  the  Sun  in         -        .        15  13 

Venus 39  17 

TheEarth  64  10 

Kan 121    0 

Jupiter  .  .  .  .  290    0 

Satom  .  .  -  .  798    0 

Geoifgian  planet  ...        5406    0 

The  Mocm  to  this  Earth  .*  .  4    21 

Ccr.  The  squares  of  the  times  of  falling  to  the  Sun  are 
as  the  cubes  of  the  distances  from  him. 

210.  So  fiur  did  Newton  proceed  in  his  reasonings  from 
the  observations  of  Kepler.  But  there  remained  many 
important  questions  to  be  decided,  in  which  those  observa- 
tions offered  no  direct  help. 

It  iqqieared  improbable  that  the  solar  force  should  not 
aSect  the  secondary  planets.    It  has  been  demonstrated 


s 


108  FHTBIGAI.  Anaaxf9Uiu. 

(14h)  that  if  a  body  F  revolve  lound  another  faodjF 
S,  deicnbing  areas  psopcntional  to  the  timeay  while  9  leu 
vdves  round  seme  other  body^  or  is  affected  by  aome  «■* 
temalferce,  F  is  not  only  acted  on  by  a  central  fbroedi- 
rceted  to  S,  bat  is  also  affected  by  every  aeeelerating^fbese 
which  acts  on  S^. 

While,  therefinney  the  Moon  describes  aieas  profaxtionsi 
to  the  times  ronnd  the  Earth,  it  is  not  only  dieiected  to* 
ward  the  Earth,  but  it  is  also  deflected  as  mudi  as  An 
Earth  is  toward  the  Sun.  For  the  Moon  aocompasies  the 
Earth  in  all  its  motions.  The  same  thing  mast  be  affirmed 
coBoemiDg  the  satelhtes  attendmg  the  other  planets. 

And  thus  has  Newton  established  a  fourth  pcopositioD, 
namely, 

TTte^^ce  by  wkiA  a^eeondafypbmetis-fimdeiomccom^ 
pony  ike  primary  in  its  orbii  fxmnd  Ae  Sun  is  cotUmmaO^ 
direeied  to  the  Sun,  and  ia  inver^hf  aa  the  square  ^f  Ae 
Mskmeejrom  him.  For,  as  the  primary  changes  its  distance 
from  the  Sun,  the  force  by  which  it  is  retuned  in  its  ocbit 
varies  in  this  inverse  duplicate  ratio  of  the  distance.  There* 
fore  the  force  which  causes  the  secondary  planet  to  aoocm- 
pany  its  primary  must  vary  in  the  same  proportion,  in  order 
to  produce,  the  same  change  in  its  motion  that  is  produced 
in  that  of  the  primary.  And,  further,  since  the  force  winch 
retains  Jupiter  ^in  bis  orbit  is  to  that  which  retains  the 
Earth  as  the  square  of  the  Earth^s  distance  is  to  that  of 
Jupiter^s  distlmce,  the  forces  by  which  their  respective  sa- 
tellites are  made  to  accompany  them  must  vary  in  the  same 
proportion. 

Thus,  all  the  bodies  of  the  solar  system  are  continually 
urged  by  a  force  directed  to  the  Sun,  and  decreasing  as  the 
square  of  the  distance  from  him  increases. 

811.  Newton  remarked,  that  in  all  the  changes  of  motiim 
observable  in  our  sublunary  world,  the  changes  in  the 
acting  bo£es  are  equal  and  oppoate.  In  all  impulsions, 
one  body  is  observed  to  lose  as  much  motion  as  the  other. 
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▲U  mBgnetiGil  and  electrical  attractions  and  repul- 
Mie  mutuaL  Eveiy  action  seeniB  to  be  accompanied 
lif'an-aqual  reacticm  in  the  <^po8ite  direction.  He  even 
ingined  that  it  may  be  proved,  from  abstract  principles^ 
that  it  must  be  ao.  He  therefiore  affirmed,  that  this  law  ol^ 
tained  aka  in  the  celestial  motions,  and  that  not  only  were 
thepkndieoiitinually  impelled  toward  the  Sun,  but  also 
that  the  Son  was  impelled  toward  the  planets.  The  doubts 
«faieh  mmy  be  entertained  concerning  the  authority  of  this 
tMr  of  motioD  have  been  noticed  alresdy.  At  present,  we 
me  to  notiee  the  facts  which  the  celestial  motions  furnish  in 
support  of  Sir  Isaac  Newton's  assertion. 

212.  Directions  have  been  given  (56.)  how  to  calculate 
the  Sttn*s  place  for  any  given  moment  When  the  astro- 
Boncis  had  obtained  instruments  of  nice  construction,  and 
Jiad  kajvofed  the  art  of  observing,  there  was  found  an  ir- 
weguknty  in  this  calculation,  which  had  an  evident  relation 
to  the  Moon.  At  new  Moon,  the  observaticms  corresponded 
csactly  with  the  Sun's  calculated  place ;  but  seven  or  eight 
days  after,  the  Sun  is  observed  to  be  about  8"  or  IC  to 
the  eastward  of  his  calculated  place,  when  the  Moon  is  in 
her  first  quadrature,  and  he  is  observed  as  much  to  the 
westward  when  she  is  in  the  last  quadrature.  In  interme- 
diate flituatiixis,  the  error  is  observed  to  increase  in  the  pr»- 
portion  of  the  sine  of  the  Moon^s  distance  from  conjunction 
or  opposition. 

Things  must  be  so,  if  it  be  true  that  thedeAection  of  the 
Mood  toward  the  Earth  is  accompanied  with  an  equal  de- 
flectbn  of  the  Earth  toward  the  Moon.  For  the  Moon 
win  not  revolve  round  the  Earth,  but  the  Earth  and 
Moon  will  revolve  round  their  common  centre  of  position. 
When  the  Moon  is  in  her  first  quadrature,  her  poation  may 
be  represented  by  M  (Fig.  SO.)  while  the  Earth  is  at  E, 
and  their  common  centre  is  at  A.  A  spectator  in  A  will 
tee  the  Sun  S  in  his  calculated  place  B.  But  the  specta- 
tor m  the  Earth  £  sees  thb  Sun  in  C,  to  the  left  hand,  or 
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eastwaidofB.  Tfae  interval  BC  measures  the  angle  BSC, 
or  ASEy  sttbCedded  at  the  Sun  by  the  distance  EA  of  the 
oommon  centre  of  the  Earth  and  Moon  from  the  centre  of 
the  Earth.  At  new  Moon,  A,  E,  and  S,  are  in  a  strai^t 
Ime,  so  that  B  and  C  coincide.  At  the  last  quadrature, 
the  Moon  is  at  m,  the  Earth  at  e^  and  the  common  centre 
at  a.  Now  the  Sun  is  seen  at  c,  S""  or  10'  to  the  westwaid 
of  hb  calculated  place.  This  correction  has  been  pcnnted 
out  by  Newton,  but  it  was  not  observed  at  the  first,  owiiq; 
to  its  bong  blended  with  the  Sun'*s  honzontal  parallax,  which 
had  not  been  taken  into  account.  But  it  was  soon  recog^ 
nised,  and  it  now  makes  an  article  among  the  various  equa- 
tions used  in  calculating  the  Sun^s  place. 

Here,  then,  is  a  plain  proof  of  a  mutual  action  and  re- 
action of  the  Earth  and  Moon.  For,  ance  they  revdlve 
round  a  common  centre,  the  Earth  is  unquestionably  de- 
flected into  the  curve  line  by  the  action  of  a  force 
towards  the  Moon.  But  we  have  a  much  better 
The  waters  of  the  ocean  are  observed  every  day  to  heap  up 
on  that  part  of  our  globe  which  is  under  the  Moon.  In 
this  situation,  the  weight  of  the  water  is  diminished  by  the 
attraction  of  the  Moon,  and  it  requires  a  greater  elevation, 
or  a  greater  quantity,  to  compensate  for  the  diminished 
weight  On  the  other  hand,  we  see  the  waters  abstracted 
from  all  those  parts  which  have  the  Moon  in  the  horizon. 
Kepler,  after  asserting,  in  very  positive  terms,  that  the 
Earth  and  Moon  would  run  together,  and  are  prevented  by 
a  mutual  drculation  round  their  common  centre,  adduces 
the  tides  as  a  proof. 

S13.  As  the  art  of  observadon  continued  to  improve, 
astroncHners  were  able  to  remark  abundant  proofs  of  the 
tendency  of  the  Sun  toward  the  planets.  When  the  great 
planets  Jupiter  and  Saturn  are  in  quadrature  with  the 
Earth,  to  the  right  hand  of  the  line  drawn  from  the  Earth 
to  the  Sun's  calculated  place,  the  Sun  is  then  observed  to 
riiift  to  the  left  of  that  line,  keeping  always  <m  the  opposite 


WTUAL  ACnOK  OF  SUK  AND  FLAVfiTS.  Ill 

flde  of  the  eommon  centre  of  pomtioiL  These  deviations 
are  indeed  very  minute,  because  the  Sun  is  vastly  more 
maMiic  than  all  the  planets  coQected  into  one  lump.  But 
in  ftiDunhle  situatioiis  of  these  planets,  they  are  perfectly 
sendee,  and  have  been  calculated ;  and  they  fitii^  be  taken 
ialD  account  in  every  calculation  of  the  Sunn's  place  in  order 
to  have  it  widi  the  accuracy  that  is  now  attainable.  It 
must  be  granted  that  this  accuracy,  actually  attained  by 
neans  of  those  corrections,  and  unattainable  without  them, 
is  a  pontive  proof  of  this  mutual  deflection  of  the  Sun  to- 
ward the  planets.  The  quantity  corresponding  to  one  {danet 
b  too  small,  of  itsdf,  to  be  very  distinctly  observed ;  but, 
by  oocasaonally  combining  with  others  of  the  same  kind, 
the  sum  becomes  very  sennble,  and  susceptible  of  measure. 
It  aometimes  amounts  to  88  seconds,  and  must  never  be 
omitted  in  the  calculations  subservient  to  the  finding  the 
kmgitude  of  a  ship  at  sea.  Philosophy,  in  this  instance,  b 
greatly  indebted  to  the  arts.  And  she  has  liberally  repaid 
the  service. 

£14.  Here  it  is  worthy  of  remark,  that  had  the  Sun  been 
much  smaUer  than  he  is,  so  that  he  would  have  moved 
nodi  further  from  the  commcm  centre,  and  would  have 
been  much  more  agitated  by  the  tendencies  to  the  difierent 
planets,  it  is  probable  that  we  never  should  have  acquired 
any  distinct  or  useful  knowledge  of  the  system.  For  we 
DOW  see  that  Kepler^s  laws  cannot  be  strictly  true;  yet  it 
was  those  laws  alone  that  suggested  the  thought,  and  fur- 
mshed  to  young  Newton  the  means  of  investigation.  The 
analogy  of  the  periodic  times  and  distances  is  accurate,  only 
with  respect  to  the  common  centre,  but  not  with  respect  to 
the  Sun.  But  the  great  mass  of  the  Sun  occasions  this 
oommcm  centre  to  be  generally  within  his  surfisu^,  and  it  is 
never  distant  fhxn  it  one-fourth  of  his  diameter.  Therefore 
tlus  third  law  of  Kepler  is  so  nearly  exact  in  respect  of  the 
Sun,  that  the  art  of  observation,  in  Newton's  lifetime,  could 
not  have  found  any  errors.     The  penetrating  eye  of  New- 
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ton  however  immediately  perceived  his  own  good  fortune, 
and  his  enror  .in  supposing  Kepler^s  laws  aocurately  trua 
But  this  was  not  enough  for  his  philosophy ;  be  was  deter- 
mined that  it  should  narrate  nothing  but  truth.  IVith 
great  ingenuity,  and  elegance  of  method,  he  demonstKSt» 
that  his  mechanical  inferences  from  Kepler's  laws  are  still 
strictly  true,  and  that  h'ls  own  law  of  planetary  force  iseud, 
although  the  centre  of  revolution  is  not  tlie  centre  of  the 
Sun.  All  the  difference  respects  the  absolute  magnitude  of 
the  periodic  times  in  relation  to  the  magnitude  of  the  fixce. 
This  he  demonstrates  in  a  series  of  proposiuons,  of  wUdi 
we  have  given  the  chief. 

215.  Newton  proceeds  still  further  in  his  investigation  of 
the  extent  of  the  influence  of  thb  planetary  force,  and  aajs 
that  all  Hie  planets  midually  tend  toioard  each  other.  It 
does  not  appear  how  this  ojunion  arose  in  his  mind.  There 
are  abundance  of  phenomena,  however,  of  easy  observaboOi 
which  make  it  very  evident  It  was  probably  .a  conjecture^ 
suggested  by  observing  tliis  reciprocal  action  between  the 
£arth  and  Moon.  But  he  immediately  followed  it  into  its 
consequences,  and  pointed  them  out  to  the  astrAomen. 
They  are  very  important,  and  explain  many  phenoment 
whicli  had  hitherto  greatly  perplexed  the  astronomers. 

Suppose  Jupiter  and  Mars  to  }ie  in  conjunction,  lying  in 
the  same  line  from  the  Sun.  As  Mars  revolves  much 
quicker  than  Jupiter,  he  gets  before  him,  but,  being  at- 
tracted by  JujHter,  hb  motion  is  retarded^-and  Jupiter, 
being  attracted  by  Mars,  is  accelerated.  On  the  oontraiy, 
before  Mars  arrives  at  conjunction  witli  Jupiter,  Mars  is 
accelerated,  and  Jupiter  is  retarded.  Further,  die  attraction 
of  Mars  by  Jupiter  must  diminish  the  tendency  of  Mars  to 
the  Sun,  or  must  act  in  opposition  to  the  attraction  of  the 
Sun ;  therefore  the  curvature  of  Mars^s  orbit  in  that  place 
must  be  diminished.  On  the  contrary,  tlic  tendency  of 
Jupiter  to  Mars,  acting  in  the  same  direction  as  his  ten- 
dency to  the  Sun,  must  increase  the  curvature  of  that  part 
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i£  JupilerlB  orbit  If  Jupiter  be  at  this  time  advancing  to 
his  aphriion,  this  increase  of  curvature  will  sooner  bend  the 
fiaeaf  his  motiGii  from  an  obtuse  into  a  right  angle  with 
die  lacEiiis  vector.  Therefore  his  apheUon  will  be  sooner 
attained,  and  it  will,  appear  to  have  shifted  to  the  westward. 
F<ir  the  opposite  reasons,  the  apndes  of  Mars  will  seem  to 
sliifi  to  the  eastward.  There  are  other  situations  of  these 
planets  where  the  contrary  effects  will  happen.  In  each 
lerolntioii,  each  planet  will  be  alternately  accelerated  twice, 
and  twice  retarded,  and  the  apsides  of  the  exterior  planet 
will  oontinuallj  recede,  and  that  of  the  interior  will  ad- 
Tano&  It  is  obvious  that  tins  disturbance  of  the  motion  of 
a  planet  by  its  deflection  to  another,  though  probably  very 
mii&ute,  yet  being  continued  for  a  tract  of  time,  its  accumu- 
lated result  may  become  very  sensible.  These  changes  are 
all  susceptible  of  accurate  calculation,  as  we  shall  afterwards 
ejiplain  psxticularly. 

This  must  be  ocmndered  as  a  convincing  proof  of  the 
mutual  actun  of  the  heavenly  bodies,  and  it  adds  fresh 
lustre  to  the  penetration  and  genius  of  Newton,  who  made 
assertions  independent  of  observation,  pointing  out  to 
the  sure  means  of  perfecting  their  knowledge 
of  the  cdestial  motions. 

210.  Here  therefore  we  have  established  a  fifth  proposi- 
tion in  physical  astronomy,  namely,  that  t?uU  all  the  bodies 
in  ike  eolar  syittem  tend  mutuatty  toward  one  another^  with 
Jbreee  whkA  vary  in  the  inverse  duplicate  ratio  of  the  die* 


It  did  not  satisfy  Newton  that  he  merely  pointed  out  the 
gnas  effect  of  this  mutual  tendency.  He  gave  astronomers 
the  means  of  investigating  and  ascertaining  its  intennty, 
and  its  variation  by  a  variation  of  distance.  The  effect  of 
the  Earth^s  tendency  to  Jupiter  during  any  length  of  time, 
may  be  computed  by.  means  of  Newton^s  dynamical  propo- 
■tions,  eontuned  in  the  first  book  of  his  Principia,  particu- 

Vol.  hi.  H 
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larly  by  the  39tli.  Of  these  we  have  given  a  proper  selec- 
tion in  the  general  doctrines  of  Dynamics. 

217.  But  the  inquisitive  mind  of  Newton  did  not  stop 
here.  He  was  anxious  to  learn  whether  this  planetary  ten- 
dency had  any  resemblance  or  relation  to  forces  with  which 
we  arc  more  familiarly  acquainted.  OF  this  kind  are  mag- 
netism and  gravity.  He  was  the  more  incited  to  this  inves- 
tigation by  the  conjectures  on  this  subject  which  had  arisoi 
ia  the  mind  of  Kepler.  This  great  astronomer  had  been 
much  taken  with  the  discovery  just  published  by  Dr  Gil- 
bert of  Colchester,  stating  that  this  Earth  is  a  great  mag- 
net, and  he  was  disposed  to  ascribe  the  revolution  of  the 
Moon  to  the  mognetical  influence  of  the  Earth.  It  appears 
from  Newton's  papers,  that  he  had  made  a  g^eat^many  ex- 
periments for  discovering  the  law  of  magnetic  action.  But 
he  had  found  it  so  jlcpendant  on  circumstancesof  form  and 
situation,  and  so  cliangeable  by  time,  that  it  seemed  suscep- 
tible of  no  comparison  with  the  solar  force ;  and  he  soon 
gave  it  up.  He  was  more  successful  in  tracing  the  resem- 
blances observable  in  the  phenomena  of  common  gravity. 
It  has  been  already  remarked  (197-)  that,  very  early  in 
life,  he  had  omjecturcd  tblt  it  was  the  same  with  the  solar 
{ortXf  and  that  after  he  had  formed  the  opinion  that  the 
solar  force  varied  in  the  inverse  duplicate  ratio  of  the  dis- 
tance, he  put  his  conjecture  to  the  test,  by  comparing  the 
fall  of  a  stone  with  the  deflection  of  the  Moon.  The  dis- 
tance of  the  Moon  is  estimated  to  be  60  semidiamcters  of 
the  Earth.  Therefore,  if  gravity  and  the  lunar  deflecting 
force  be  the  same,  the  stone  should  deflect  as  much  in  <Mie 
■eoond  as  the  Moon  does  in  a  minute.  For  we  may,  with- 
wit  any  senrible  error,  suppose  that  the  lunar  foKc  acts 

niformly  during  one  minute.  If  so,  the  linear  deflections 
l^e  as  the  Bquares  of  the  times.  The  deflection  in  a 
guist  be  fid  X  60  times,  or  3600  times  the  deflec- 
But,  according  to  the  law  of  planetary 
Beflection  at  the  Earth's  surface  must  be  60  X  60, 
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or  8600  times  the  deflection  at  the  Moon.    Now,  in  a 
seoood^  a  stone  falls  16  feet  and  an  inch.     Therefore  the 
Mood  should  deflect  16  feet  and  an  inch  in  a  minute  from 
the  tangent  of  her  orbit  -  Newton  calculated  the  versed 
■Be  of  the  arch  described  by  the  Moon  in  a  minute,  to  a 
radbis  equal  to  60  semidiameters  of  the  Earth.     He  found 
it  oolj  about  ISi  feet,  and  he  gave  over  any  farther  in- 
quiij.    But  be  had  hastily  supposed  a  degree  to  contain 
60  ]ni]e%  not  attending  to  the  difierence  between  a  geogra- 
phical mile  or  60th  of  a  d^ree,  and  an  English  statute 
nile.     A  degree  contains  69  such  miles ;  so  that  he  had 
Bade  the  Moon^s  orbit,  and  consequently  her  deflection,  too 
mall  in  the  same  proportion.     If  we  increase  the  calcu- 
lated deflection  in  this  proportion, .  it  comes  out  exactly 
16^ ;  and  the  conjecture  is  fully  established. 

When  Picard's  accurate  measure  of  the  Earth  had  enabled 
Newton  to  confirm  his  former  conjecture  concerning  the 
identity  c^  the  planetary  force  and  terrestrial  gravity,  he 
agun  made  the  calculation  and  comparison  in  the  most 
scmptdous  manner.  For  wc  now  see  that  several  circum- 
slinces  must  be  taken  into  the  account,  which  he  had 
QDUtted  in  his  first  computation  from  Picard's  measure  of 
tibe  Earth.  The  fall  in  a  second  is  not  the  exact  measure 
of  ierrestiial  gravity.  A  stone  would  fall  farther,  were  it 
not  that  its  gravity  is  diminished  by  the  Earth's  rotation. 
It  is  aiso  diminished  by  the  action  of  the  Sun  and  Moon, 
wod  by  the  weight  of  the  air  which  the  stone  displaces. 
All  these  diminutions  of  the  accelerating  force  of  gravity 
aie  susceptible  of  exact  calculation,  and  were  accordingly 
calculated  by  Newton,  and  the  amount  added  to  the  ob- 
served acceleration  of  a  failing  body.  In  the  next  place, 
die  real  radius  of  the  Moon^s  orbit  must  be  reckoned  only 
from  the  common  centre  of  the  Earth  and  Moon.  And 
then  the  force  deduced  from  this  defection  must  be  increas- 
ed in  the  subduplicate  ratio  of  the  matter  in  the  Earth 
to  the  matter  in  the  Earth  and  Moon   added  together 
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All  thb  has  been  done,  and  the  result  onncides  precisely 
with  observation. 

This  may  be  demonstrated  in  another  way.  We  oan 
tell  in  what  time  a  body  would  revolve  round  the  Earthy' 
dose  to  its  surface.  For  we  must  have  f  propattional  to 
<P.  It  will  be  found  to  be  84  minutes  and  84  seconds. 
Then  we  know  the  arch  described  in  one  second,  and  can 
calculate  its  deflection  from  the  tangent  We  shall  find 
it  16xf  feet,  the  same  with  that  produced  by  oommoa 
gravity. 

S18.  Terrestrial  gravity^  tJierefbrej  orthaijbrcetvhidi 
causes  bodies  toJbUf  or  to  press  on  their  supports,  is  only  a 
particular  example  of  that  universal  tendency,  by  which  eM 
the  bodies  gftfte  solar  system  are  retained  in  their  orbiis. 

We  must  now  extend  to  those  bodies  the  other  symp- 
toms of  common  gravity.  It  is  by  gravity  that  water  ar- 
ranges itself  into  a  level  surface ;  that  is,  a  surface  which 
makes  a  part  of  the  great  sphere  of  the  ocean.  The  weight 
of  this  water  keeps  it  together  in  a  round  form.  We  must 
ascribe  the  globular  forms  of  the  Sun  and  planets  to  a  »• 
milar  operation.  A  body  on  their  surface  will  press  it  as 
a  heavy  body  presses  the  ground.  Dr  Hooke  remarks,  that 
all  the  protuberances  on  the  surface  of  the  Moon  are  ci 
forms  con^stent  with  a  gravity  toward  its  centre.  They 
are  generally  sloping,  and,  though  in  some  places  vefy 
rugged  and  precipitous,  yet  nowhere  overhang,  or  have  any 
shape  that  would  not  stand  on  the  ground.  The  more 
rugged  parts  are  most  evidently  matter  which  has  been 
thrown  up  by  volcanic  explosion,  and  have  fidlen  down 
agiun  by  their  lunar  gravity. 

219.  That  property  by  which  bodies  are  heavy  is  called 
GRAVITY,  HEAVINESS — the  bdug  heavy ;  and  thejact  that 
it  moves  toward  the  Earth,  may  be  called  gravitation. 
While  it  falls,  or  presses  on  its  supports,  it  may  be  said  to 
gravitate^  to  give  indication  of  its  being  gravis  or  heavy. 
In  this  sense  the  planets  gravitate  io  the  Sun,  and  the  se- 
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condiij  planets  to  their  jniiiiaries;  and,  in  short,  every 
bodj  in  the  solar  system  to  every  other  body.  By  the  verb 
hgramiaie^  nothiog  is  meant  but  the  fact,  that  they  either 
seftoally  approach^  or  manifest,  by  a  very  sensible  pressure, 
fendendes  to  approach  the  body  to  which  they  are  said  to 
gn^vitale.  The  verb,  or  the  noun,  should  not  be  consider- 
ed as  the  expression  of  any  quality  or  property,  but  merely 
of  a  phenomenon,  a  £eu:t  or  event  in  nature. 

220.  But  this  deviation  from  uniform  rectilineal  motion 
is  considered  as  an  eff^,  and  it  is  of  importance  to  discover 
the  ctuue.  Now,  in  the  most  familiar  instance,  the  fall  or 
pnssure  of  a  heavy  body,  we  ascribe  the  fall,  or  pressure 
jn<l^«afitig  the  tendency  to  fall,  to  its  heaviness.  But  we  have 
no  other  notion  of  this  heaviness  than  the  very  thing  which 
we  ascribe  to  it  as  an  effect.  The  feeling  the  heaviness  of 
the  peoe  of  lead  that  Ues  in  our  hand,  is  the  sum  qfaUthat 
W8  kmm  about  ii.  But  we  consider  this  heaviness  as  ap-o- 
jMlfy  of  all  terrestrial  matter,  because  all  bodies  give  some 
of  those  appearances  which  we  consider  as  indications  of  it. 
AU  more  toward  the  Earth  if  not  supported,  and  all  press 
on  the  mxpport.  The  feeling  of  pressure  which  a  heavy 
body  excites  might  be  considered  as  its  characteristic  phe- 
;  for  it  is  this  feehng  that  makes  us  think  it  a 
must  oppose  otur  force  to  it ;  but  we  cannot  dis- 
riiigii^^  it  fix>m  the  feeling  of  any  other  equal  pressure.  It 
is  most  distinguishable  as  the  cause  of  motion,  as  a  moving 
or  aooeferating  force.  In  short,  we  know  nothing  of  gravity 
bat  the  phenomena,  which  we  consider,  not  as  gravity,  but 
as  its  indication.  It  is,  like  every  other  force— cm  unknown 
quality. 

The  weighi  of  a  body  should  be  distinguished  from  its 
ipeavity  or  heaviness,  and  the  term  should  be  reserved  for 
espsssing  the  measure  of  the  united  gravitation  of  all  the 
matter  in  the  body.  This  is  indeed  the  proper  sense  of  the 
tenon  voeigkt'-'pondua.  In  ordinary  business,  we  measure 
the  wdj^ts  of  bodies  by  means  of  known  units  of  weight 
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A  piece  of  lead  is  said  to  be  of  twenty  pounds  wdght  when 
it  balances  twenty  pieces  of  matter,  each  of  whidi  is  a 
pound ;  but  we  frequently  measure  it  by  means  of  other 
pressures,  as  when  we  judge  of  it  by  the  division  to  whidi 
it  draws  the  scale  of  a  spring  steelyard. 

SSI.  We  estimate  the  quantity  of  matter  in  a  body  by 
its  weight,  and  say  that  there  is  nineteen  times  as  mudi 
matter  in  a  cubic  foot  of  gold  as  there  is  in  a  cubic  foot  of 
water.  This  evidently  presupposes  that  all  matter  U  heavjfj 
and  equally  lieavy — that  every  primitive  atom  of  matter  b 
equally  heavy.  But  this  seems  to  be  more  than  we  are  en- 
titled to  say,  .without  some  positive  proof.  There  is  nothing 
inconceivable  or  absurd  in  supposing  one  atom  to  be  twice 
or  thrice  as  heavy  as  another.  As  gravity  is  a  oontii^^ent 
quality  of  matter,  its  absolute  strength  or  force  is  also  om- 
tingent  and  arbitrary.  We  can  conceive  an  atom  to  have 
no  weight.  Nay,  we  can  as  clearly  conceive  an  atom  of 
matter  to  be  endowed  with  a  tendency  upwards  as  with  a 
tendency  downwards.  Accordingly,  during  the  prevalence 
of  the  Stahlian  doctrine  of  combustion,  that  matter  whidi 
imparts  inflammability  to  bodies  was  supposed  to  be  not 
only  without  weight,  but  positively  light,  and  to  diminish 
the  weight  of  the  other  ingredients  with  which  it  was  com- 
bined in  a  combustible  body.  In  this  way,  the  abettors  of 
that  doctrine  accounted  for  the  increase  of  weight  obser- 
vable when  a  body  is  burnt. 

There  is  nothing  absurd  or  unreasonable  in  all  this ;  and 
had  we  no  other  indication  of  gravity  but  its  pressure,  we 
do  not  see  how  this  question  can  be  decided.  But  gravity 
is  not  only  a  pressing  power,  but  also  a  moving  or  aoeele- 
radng  power.  If  a  body  consisted  of  a  thousand  atoms  of 
gravitating  matter,  and  as  many  atoms  of  mattcfr  which 
does  not  gravitate,  and  if  the  gravity  of  each  atom  exerted 
the  pressure  of  one  grain,  this  body  would  weigh  a  thou- 
sand grains,  either  by  a  balance*or  a  spring  steelyard,  yet 
it  contains  two  thousand  atoms  of  matter.    But  take  «no-« 
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ther  bodj  of  the  same  weight,  but  consisting  wholly  of  gra- 
Tititxng  atoms ;  drop  these  two  bodies  at  once  from  the 
band — the  last  mentioned  will  fall  Iti  feet  in  the  first  se- 
cond— the  other  will  fall  only  8  feet.     For  in  both  there  is 
the  same  moving  force;  therefore  the  same  quantity  of 
motioD  will  be  produced  in  both  bodies ;  that  is,  the  pro- 
ducts of  the  quantities  of  matter  by  the  velocities  generated 
will  be  the  same.     Therefore  the  velocity  acquired  by  the 
mixed  body  will  be  one  half  of  that  ac([uired  in  the  same 
time  by  the  simple  body.     The  phenomenon  will  be  what 
was  asserted,  one  will  fall  16  and  the  other  only  8  feet. 

This  will  be  still  more  forcibly  conceived,  if  we  take  two 
bodies  a  and  6,  each  containing  1000  atoms  of  gravitating 
matter,  and  attadi  a  to  another  body  c,  containing  1000 
atoms  which  do  not  gravitate.  Now,  iniless  we  suppose  c 
moveable  and  arrestable  by  a  thought  or  a  word,  we  can 
Jiare  no  hesitation  in  saying,  that  the  mass  a  +  c  will  fall 
with  half  the  velocity  of  b. 

We  see  therefore  tliat  the  accelerating  pozcer  alone  of 
gnvity  enables  us  to  decide  the  question,  ^  whether  all  ter- 
restrial matter  gravitates,'  and  gravitates  alike.  We  have 
only  to  try  whether  all  terrestrial  bcxlics  fall  ecjually  far  in 
the  same  time,  or  receive  an  equal  increment  of  velocity  in 
the  same  time.  This  test  of  the  matter  did  not  escape  tlie 
penetrating  genius  of  young  Newton.  He  made  cxjxjri- 
ments  on  every  kind  of  substance,  metals,  stones,  woods, 
grain,  salts,  animal  substances,  &c.  and  made  them  in  a  way 
susceptible  of  the  utmost  accuracy,  as  we  shall  see  after- 
wards. The  result  was,  that  all  these  substances  were 
equally  accelerated ;  and,  on  tliis authority,  Newton  thought 
himself  entitled  to  say  that  all  T£KREstiiial  matteu  is 

£aUALLY  HEAVY. 

This  however  may  be  disputed.  For  it  is  plain,  that  if 
all  bodies  contain  an  equal  proportion  of*  gravitating  and 
nongravitating  matter,  they  will  be  equally  accelerateil ; 
nay,  the  unequal  gravitation  of  dinbrcnt  substances,  aiid 
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even  posidve  levity,  may  be  8o  compensated  by  Uie  pio- 
portion  of  those  different  kinds  of  matter,  that  the  total 
gravitation  may  still  be  proportional  to  the  whole  quantity 
of  matter. 

But,  till  we  have  some  authority  for  saying  that  there  is 
a  difference  in  the  gravitation  of  different  atoms,  the  just 
rules  of  philosophical  discussion  oblige  us  to  believe  that  all 
gravitate  aUke.  This  is  corroborated  by  the  universality 
of  the  law  of  mutual  and  equal  reaction.  This  is  next  to 
demonstration,  that  the  primitive  atoms  are  alike  in  every 
respect,  and  therefore  in  their  gravitation. 

We  are  entitled  therefore  to  say,  that  all  terrestrial  matter 
is  equally  heavy,  and  that  the  weight  of  a  body  is  the  mea- 
sure of  the  united  gravitation  of  every  atom,  and  therefore 
is  a  measure  of,  or  is  proportional  to,  the  quantity  of  mat- 
ter contained  in  it 

222.  Newton  naturally,  and  jusdy,  extended  the  afSnna- 
tion  to  the  planets  and  to  the  Sun.  But  here  arises  a 
question,  at  once  nice  and  important  The  law  of  gravita- 
tion, so  often  mentioned,  is  exhibited  in  the  mutual  deflec- 
tions of  great  masses  of  matter.  These  deflections  are  in 
the  inverse  duplicate  ratio  of  the  distances  between  the 
centres  of  the  masses.  Are  we  warranted  by  this  observa- 
tion to  say,  that  this  is  also  the  law  of  action  between  every 
atom  of  one  body  and  every  atom  of  another  ?  Can  we  say 
in  general  that  the  law  of  corpuscular  action  is  the  same 
with  that  of  masses,  resulting  from  the  combined  action  of 
each  atom  on  each  ?  We  are  assured  by  experience  that  it 
is  not  For  we  observe  that,  in  magnets,  the  law  of  action 
(that  is,  the  relation  subsisting  between  the  dbtances  and 
the  intensities  of  force)  is  different  in  almost  every  different 
magnet,  and  seems  to  depend  in  a  great  measiu*e  on  their 
form.   , 

Newton  was  too  cautious,  and  too  good  a  logidan,  to 

advance  such  a  proposition  without  proof;  and  therefore, 

Bnfiaing  himself  to  the  single  case  of  sperical  and  spheroidal 
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bo£ei,  the  fonns  in  wUch  we  observe  the  planetary  masses 
to  be  anpacted,  he  inquired  what  senrible  action  between 
the  masses  will  result  from  an  action  between  their  par- 
ticles inversely  proportional  to  the  square  of  their  distances. 

Let  ALBM,  albm  (Fig.  SI.)  be  two  spherical  sur- 
faces, of  whidi  C  is  the  common  centre,  and  let  the  space 
between  them  be  filled  with  gravitating  matter,  uniformly 
dene.  Let|i  be  a  particle  placed  any  where  within  this 
spherical  shdl,  to  every  particle  of  which  it  gravitates  with 
a  force  inversely  as  the  square  of  its  distance  from  it  This 
particle  will  have  no  tendency  to  move  in  any  direction, 
because  its  gravitation  in  any  one  direction  is  exactly  bal- 
anced by  an  equal  gravitation  in  the  opposite  direction. 

Draw  through  p  the  two  strai^t  lines  dp»j  ep%y  mak- 
ing a  very  small  angle  at  p.  This  may  represent  the  sec- 
tion of  a  very  slender  double  cone  dp  e,  ^p  i,  having  p 
for  the  common  vertex,  and  de^  )«  for  the  diameters  of 
the  dicular  bases.  The  gravitation  of  /?  to  the  matter  in 
the  base  de  is  equal  to  its  gravitation  to  the  matter  in  the 
base  3 1.  For  the  number  of  particles  in  de  is  to  the  num- 
ber in  }i  as  the  surface  of  the  base  d  ^  to  that  of  the  base 
2i,  that  is,  as  d  r^  to  ^**,  that  is,  as  J9  d*  to  p ^,  that  is,  as 
the  gravitation  to  a  particle  in  )i  to  the  gravitation  to  a 
particle  in  de.  Therefore  the  whole  gravitation  to  the 
matter  in  d^  is  the  same  with  the  whole  gravitati(m  to  the 
matter  in  2i — since  it  is  also  in  the  opposite  direction,  the 
particle  p  is  in  equilibrio.  The  same  thing  may  be  de- 
moDstnted  of  the  gravitation  to  the  matter  in  g  r  and  s  tj 
and,  in  fike  mannar,  of  the  gravitation  to  the  matter  in  the 
scctioDS  of  the  cones  dp  f,  ip*  by  any  other  concentric  sur- 
&oe.  Consequently,  the  gravitation  to  the  whole  matter 
contained  in  the  solid  dqre  is  equal  to  the  gravitation  to 
the  whole  matter  in  the  solid  Itsi^  and  the  particle  j:?  is  still 
in  equilibria 

Now,  since  the  lines  dp  s,  ep )  may  be  drawn  in  any  di- 
recdoa,  and  thus  be  made  to  occupy  the  whole  sphere,  it  is 
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evident  that  the  gravitation  of  p  is  bahmced  in  every  direc- 
tion, and  therefore  it  has  no  tendency  to  move  in  any  diin- 
tion  in  consequence  of  this  gravitation  to  the  spherical  shdt 
of  matter  comprehended  between  the  surfaces  ALBJf 
and  albm. 

It  is  also  evident,  that  tliis  holds  true  with  respect  to  aD 
the  matter  comprehended  between  A  L  B  M  and  the  ooo- 
centric  surface  pvn  passing  tlirough  p ;  in  short,  ji  is  io 
equilibrio  in  its  gravitation  to  all  the  matter  more  remote 
than  itself  from  the  centre  of  tlie  sphere,  and  appears  as  if 
it  did  not  gravitate  at  all  to  any  matter  more  remote  froD 
tlie  centre. 

^23.  We  have  supposed  the  spherical  shell  to  be  uni- 
formly dense.  But  p  will  still  be  in  equilibrio,  although 
the  shell  be  made  up  of  concentric  strata  of  diflFerent  den- 
sity,  provided  that  each  stratum  be  uniformly  dense.  For 
should  we  suppose,  tliat,  in  tlic  space  comprehended  b^ 
twccn  A  L  B  M  and  p n  z;,  there  occurs  a  surface  alhm 
of  a  different  density  from  all  the  rest,  tlie  gravitation  to 
the  intercepted  portions  q  r  and  st  arc  equal,  because  these 
portions  are  of  equal  density,  and  are  proportional  to  p^ 
and  ps*  inversely.  The  proposition  may  therefore  be 
expressed  in  the  following  very  general  terms :  ^  Apartide 

*  placed  any  wJicre  within  a  splierical  shdl  qf  ffrax?iia(ii»g 

*  matter^  of  equal  density  ai  all  equal  distances  from  the 

*  centre,  mil  be  in  equUibriOy  and  will  have  no  tendency 
^  to  move  in  any  direction^ 

Retnarh.-^The  equality  of  the  gravitation  to  the  sur&cc 
ed  and  to  the  surface  i)  is  affirmed,  because  the  numbers 
of  particles  in  the  two  surfaces  are  inversely  as  the  gravi- 
tations towards  one  in  eacli.  For  the  very  same  reason, 
the  gravitations  to  the  surfaces  e  d,  and  q  r,  and  ts^  are  all 
equaL  Hence  may  be  derived  an  elementary  proposition, 
which  is  of  great  use  in  all  inquiries  of  this  kind,  namely, 

224f.  If  a  cone  or  pyramid  dp  e^  of  uniform  gravitating 
matter,  be  divided  by  parallel  sections,  d  r,  j  r,  &c.  the 
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gniTiUlioii  of  a  particle  p  m  the  vertex  to  each  of  those 
sectioiis  IS  the  same,  and  the  gravitatioos  to  the  solids 
pjr^pdey  qder^  &c.  are  proportional  to  their  lengths 
pq^  pdj  qdj  &C.  The  first  part  of  this  proposition  is  al- 
ready demonstrated.  Now,  conceive  the  cone  to  be  thus 
divided  into  innumerable  slices  of  equal  thickness.  It  is 
plain,  that  the  gravitation  to  each  of  these  is  the  same,  and 
therefore  the  gravitation  to  the  solid  qprisU}  the  gravita- 
tion to  the  solid  qder  as  the  number  of  slices  in  the  first 
to  the  number  in  the  second,  that  is,  as  p  g,  the  length  of 
the  first,  Xo  qdy  the  length  of  the  second. 

The  cone  dpe  was  supposed  extremely  slender.  This 
not  necessary  for  the  demonstration  of  the  particular 
S  where  all  the  sections  were  parallel.  But  in  this  ele- 
mentary proposition,  the  angle  at  p  is  supposed  smaller 
than  any  asngned  angle,  that  the  cone  or  pyramid  may  be 
considered  as  one  of  the  elements  into  which  we  may  re- 
SQlve  a  body  of  any  form.  In  this  resolution,  the  bases 
are  supposed,  if  not  otherwise  expressly  stated,  to  be  par- 
allel, and  perpendicular  to  tlie  axes ;  indeed  they  are  sup- 
posed to  be  portions  xr,  yc^  ;?  <,  &c.  of  spherical  surfaces, 
having  their  centres  in  p.  The  small  portions  xrq^  y^d, 
*«^,  he.  are  held  as  insignificant,  vanishing  in  the  ultimate 
ratios  of  the  whole  solids. 

It  is  easy,  also,  to  sec,  that  the  equilibrium  of  p  is  not 
limited  to  the  case  of  a  spherical  shell,  but  will  hold  true 
of  any  body  composed  of  parallel  strata,  or  strata  so  formed 
that  the  lines  pd^  p^  are  cut  in  the  same  proportion  by 
the  sections  de,  qr,  &c.  In  a  spheroidal  shell,  for  exanii- 
ple,  whose  inner  and  outer  surfaces  are  s'unilar,  and  simi- 
larly posited  spheroids,  the  particle  p  will  be  in  equilibrio 
any  where  within  it,  because,  in  this  case,  the  lines  j?  )  and 
newre  equal ;  so  are  the  lines  p  *  and  o  (f,  the  lines  1 1  and 
rtf  the  lines  s*  and  qdy  &c.  In  most  cases,  however, 
there  is  but  one  situation  of  the  particle  p  that  will  ensure 
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thia  equilibrium.    But  we  may,  at  the  same  time^  infier  the 
fidlowing  very  useful  propoatioii. 

285.  Ifiken  be  two  solids  pefficUy  similar^  imdof^ 
samemU/brm  densifyf  the  gravitaiion  io each ^ iksH s^ 
MdSf  hf  apartide  similar^  placed  on  or  in  each^  ieprcjfor^ 
tUmal  to  any  homologous  lines  qfths  solids» 

For,  the  aolids  being  omilar,  they  may  be  reaolyed  lifeo 
the  same  number  of  similar  pyramids  similairly  placed  b 
the  solids.  The  gravitaticms  to  each  of  any  ooKTeapgodiif 
pur  of  pyramids  are  proportional  to  the  lengths  of  thoie 
pyramids.  These  lengths  have  the  same  proportion  ia 
every  corresponding  pair.  Therefore  the  absolute,  gran- 
tations  to  the  whole  pyramids  of  one  solid  has  the  suds 
ratio  to  the  absolute  gravitation  to  the  whole  pyramids  of 
the  other  solid.  And,  since  the  solids  are  similar,  and  4k 
particles  are  at  the  similarly  placed  vertexes  of  all  the  siai- 
lar  and  similarly  placed  pyramids,  the  gravitation  ooni- 
pounded  of  the  absolute  gravitations  to  the  pyramids  of 
one  solid  has  the  same  ratio  to  the  gravitation  similady 
compounded  of  the  absolute  gravitations  to  the  pyramids 
of  the  other. 

226.  The  gravUaUon  of  an  external  particle  to  a  sphe- 
rical surfbce^  shelly  or  entire  sphere^  which  is  eqwdhf  dense 
alt  aU  equal  distances  Jrom  the  centre^  is  the  same  as  if  the 
whole  matter  were  collected  in  its  centre. 

Let  A  L  B  M  (Fig.  21.)  represent  such  a  sphere,  and 

let  P  be  the  external  particle.    Draw  P  A  C  B  through 

the  centre  C  of  the  sphere,  and  cross  it  by  L  C  M  at  i^bt 

angles.    Draw  two  right  lines  PD,  P  £,  containing  a  voy 

small  angle  at  P,  and  cutting  the  great  circle  A  L  B  M  in 

D,  E,  D',  E'.    About  P  as  a  centre,  with  the  distance 

PC,  describe  the  arch  Cdm^  cutting  D  P  in  d,  and  £  P 

in  e.    About  the  same  centre  describe  the  arc  DO.    Draw 

^  P,  e  G  parallel  to  A  B,  and  cutting  L  C  in  y*  and  g. 

I>raw  C  K  perpendicular  to  P  D,   and  d  H,   D  ^   and 

P I  f  perpendicular  to  AB.*   Jom  C  D  and  C  F. 
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NoVy  kt  the  figure  be  supposed  to  turn  round  the  axis 
P &  The  semkarcumferenoe  ALB  will  generate  a  com- 
plete iphetical  surlkoe.  The  arch  C  dm  will  generate  an- 
other qthericd  aurfiioe,  lumng  P  for  its  centre^  The  small 
scfaas  D  £,  dff  F  6  will  generate  rings  or  zones  of  those 
i|ktical  surboes.  D  O  will  also  generate  a  zone  of  a  sur- 
fiice,  hsfing  P  for  its  centre :  fg  and  F I  will  generate 
sones  of  flat  circular  surfaces. 

It  is  eiident,  that  the  zones  generated  by  D  E  and  DO 
(vliicb  we  may  call  the  zones  D  E  and  D  O),  having  the 
■ne  radius  D),  are  to  each  other  as  their  respective 
braultfis  D  E  and  D  O.  In  like  manner,  the  zones  gen- 
hj  dcj  fgy  Fly  F G,  being  all  at  the  same  dis. 
feom  the  axis  AB,  are  also  as  their  respective 
brndtha  dtyfgj  F  I,  F  6.  But  the  zone  DO  is  to  the 
w&tdewBi  riy  to  Vd\  ForDOistod^asPDto 
P  4  ^Bd  the  radius  of  rotation  D  )  is  to  the  radius  d  H, 
ibo  as  PD  to  Pcf.  The  drcumferenoes  described  by 
D  O  and  de  are  therefore  in  the  same  propcvtion  of  P  D  to 
P  d,  Tberelbre  the  zones,  being  as  their  breadths  and  as 
their  circumferences  jointly,  are  as  PD*  and  Pd*. 

C  K  and  d  H,  being  the  unes  of  the  same  ardi  Cd^  are 
equal.  Therefore  K  D  and  y*F,  the  halves  of  ch(nds 
equally  distant  from  the  centre,  are  also  equal.  Therefore 
the  triangles  C  D  K  and  C  Fy*are  equal  and  similar.  But 
C DX  is  similar  to  EDO.  For  the  right  angles  P  D  O 
lad  C  D  £  are  equaL  Taking  away  the  common  angle 
C DO,  the  remainders  C  D  E  and  E D O  are  equal.  In 
Gke  manner,  C  Fy  and  6  F I  are  similar,  and  therefore 
(anee  C  D  K  and  C  Fy  are  nmilar)  the  elementary  tri- 
ni^  EDOand  GFIare  rimilar,  and  DO:DE  = 
PI:PG. 

The  absolute  gravitation  or  tendency  of  P  to  the  zone 
DO  is  equal  to  its  absolute  gravitation  to  the  zone  d  e,  be- 
cnae  the  munber  of  particles  of  the  first  is  to  the  number 
in  the  last  b  P  D*  to  P  d%  that  is,  inversely,  as  the  gra- 
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Ur  in  VuU  body,  direcUy,  and  as  the  square  cf  Ae  disUmce 
Jrom  its  cenire,  inversdy. 

For  if  all  the  matter  were  collected  m  its  centre,  the 
gravitation  would  be  the  same,  and  it  would  then  vary  in 
the  inverse  duplicate  ratio  of  the  distance. 

S28.  Cor.  1.  Particles  placed  on  the  surface  of  spheres 
of  equal  deuntf,  gravitate  to  the  centres  of  those  qdieres 
with  forces  proportional  to  the  radii  of  the  spheres. 

For  the  quantities  of  matter  are  as  the  cubes  of  the 

radiL    Therefore  the  gravitadon  ^  is  as   ^  that  is,  as  £ 

TMs  is  a  particular  case  of  Prop.  8S5. 

S89<  Cor.  2.  The  same  thGig  holds  true,  if  the  dis- 
tance  of  the  external  particles  from  the  centres  of  the 
sfdieres  are  as  the  diameters  or  radii  ci  the  q>heres- 

930*  Cor>  Sw  If  a  particle  be  placed  within  the  sui&oe 
<^  a  sphere  of  uniform  dennty,  its  gravitation,  at  difierent 
distances  from  the  centre,  will  be  as  those  distances.  For 
it  will  not  be  affected  by  any  matter  of  the  sphere  that  is 
more  remote  from  the  centre  (468.)  ;  and  its  gravitation  to 
what  is  less  remote  is  as  its  distance  from  the  centre  by 
the  last  corollary. 

231.  The  mtOwd  graviUiiAon  of  tioo  spheres  qf  unif^^ 
density  in  their  concentric  strata  is^inihe  inverse  duplicate 
ratio  of  the  distance  between  their  centres. 

For  the  gravitation  of  each  particle  in  the  sphere  A  to 
to  the  sphere  B,  is  the  same  as  if  all  the  matter  in  B  were 
collected  at  its  centre.  Suppose  it  so  placed.  The  gravi- 
tation of  B  to  A  will  be  the  same  as  if  all  the  matter  in  A 
were  collected  in  its  centre.  Therefore  it  will  be  as  d'  in- 
versely. But  the  gravitation  of  A  to  B  is  equal  to  that  of 
B  to  A.     Therefore,  &c 

S32.  The  absolute  gravitation  of  two  sfdieres,  whose 
quantities  of  matter  are  a  and  b,  and  d  the  distance  of  their 

centres,  is  -— — .    For  the  tendency  of  one  particle  of  a 
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to  if  bang  the  aggregate  of  its  tendencies  to  every  particle 
otii  is  nv    Therefore  the  tendency  of  the  whole  of  a  to 

a  X  A 
i  miut  be   "^j-.     And  the  tendency  of  &  to  a  is  equal 

lothatofato  6. 
23S.  Tins  oonsequenoe  of  a  mutual  gravitation  between 

pirticles  proportional  to  t«,  is  agreeable  to  what  is  ob- 
served in  the  solar  system.     The  planets  are  very  nearly 
^iherical,  and  they  are  observed  to  gravitate  mutually  in 
thb  proportion  of  the  distance  between  their  centres.    This 
mutual  actioo  of  two  spheres  could  not  result  from  any 
ether  law  of  action  between  the  particles.     Therefore  we 
oondudey  that  the  particles  of  gravitating  matter,  of  which 
the  planets  are  formed,  gravitate  to  each  other  according 
to  this  law,  and  that  the  observed  gravitation  of  the  pla- 
neCi  is  the  united  effect  of  the  gravitation  of  each  particle 
tofarh.    There  is  just  one  other  case,  in  which  the  law  of 
caqniicular  action  is  the  same  with  the  law  of  action  be- 
tween the  masses ;  and  this  is  when  the  mutual  action  of 
the  oorpusdes  is  as  their  distance  directly.     But  no  such 
law  is  observed  in  all  the  jAenomena  of  nature. 

The  general  inference,  drawn  by  Sir  Isaac  Newton  from 

the  pbenomena,  may  be  thus  expressed  :  Every  particle  of 

matter  gravUaies  to  every  other  particle  of  matter  with  a 

Jbrce  inveredjf  proportional  to  the  square  of  the  distance 

Jram  ii.     Hence  this  doctrine  has  been  called  the  doc- 

TBDIB  OF  UiriVXmSAL  G&AVITATION. 

The  description  of  accmic  section  round  the  focus,  fully 
proves  that  this  law  of  the  distances  is  the  law  competent 
to  all  the  gravitating  particles.  But  whether  all  particles 
gravitate,  and  gravitate  alike,  is  nof  demonstrated.  The 
analogy  between  the  distance  of  the  different  planets  and 
their  periodic  times  only  proves,  that  the  total  gravitation 
of  the  difierent  planets  is  in  the  same  proportion  with  their 

Vol.  III.  I 
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quantity  of  matter.  Fcnr  the  force  obierved  by  us,  aad 
found  to  be  in  the  inverse  duplicate  ratio  of  the  cBstaooe 
of  the  planet,  is  the  accderating  force  of  gravity,  haag 
measured  by  the  acceleration  which  it  produces  in  the  di£' 
ferent  planets.  But  if  one  half  of  a  planet  be  matter  which 
does  not  gravitate,  and  the  other  half  gravitates  twice  n 
much  as  the  matter  of  another  planet,  these  two  planets 
will  still  have  their  periods  and  distances  agreeable  to  Kep- 
ler^s  third  law.  But  since  no  phenomenon  indicates  any 
inequality  in  the  gravitation  of  different  substances^  it  if 
proper  to  admit  its  perfect  equality,  and  to  conclude  with 
Sir  Isaac  Newton. 

S84.  The  general  consequence  of  this  doctrine  is,  thst 
any  two  bodies,  at  perfect  liberty  to  move,  should  apprpach 
each  other.  This  may  be  made  the  subject  of  experiment, 
in  order  to  see  whether  the  mutual  tendencies  of  the  pla- 
nets arise  from  that  of  their  particles.  For  it  must  still 
be  remembered,  that  although  this  constitution  of  the  par- 
ticles will  produce  this  appearance,  it  may  arise  from  some 
other  cause. 

Such  experiments  have  accordingly  been  made.  Bodiai 
have  been  suspended  very  nicely,  and  they  have  been  ob- 
served to  approach  each  other.  But  a  more  careful  ex- 
amination of  all  circumstances  has  shewn,  that  most  of 
those  mutual  approaches  have  arisen  from  other  causei^ 
Several  philosophers  of  reputation  have  therefore  refused 
to  admit  a  mutual  gravitation  as  a  phenomenon  competent 
to  all  matter. 

But  no  such  approach  should  be  observed  in  the  expe- 
riments now  alluded  to.  The  mutual  approach  of  two 
spheres  A  and  B,  at  the  distance  D  of  their  centres,  must 
be  to  the  approach  to  the  Earth  £  at  the  distance  d  of 

their  centres  in  the  proportion  of  — ^y"  ^^ — 72 —  that  is, 

fi       E 

of  w^^  to  ^.    Therefore,  if  a  particle  be  placed  at  the  sur* 
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ftee  of  A  goidcn  $fhae  one  foot  in  diameter,  its  gravitation 
to  the  Earth  must  be  Hiore  than  ten  millions  of  times 
gmfer  than  its  gravitation  to  the  gold.  For  the  diameter 
of  the  Earth  is  nearly  fortj  millions  of  feet,  and  the  den- 
8tf  of  gold  is  nearly  four  times  the  mean  density  of  the 
Earth.  And  therefore,  in  a  second,  it  would  approach  less 
than  the  tai  millionth  part  of  16  feet— «  quantity  alto- 
gether ioseosible. 

If  we  ooold  employ  in  these  experiments  bodies  of  suffi- 
cient magmtude,  a  sensible  effect  might  be  expected.  Sup- 
pose T  ^ig.  92.)  to  be  a  ball  of  equal  density  with  the 
Earth,  and  two  geographical  miles  in  diameter,  and  let  the 
pvtide  B  be  at  its  surface.  Its  gravity  to  T  will  be  to  its 
gnnritadoa  to  the  Earth  nearly  as  1  to  2300;  and,  there- 
^ibre,  if  suspended  like  a  plummet,  it  would  certainly  de- 
viate V  finom  the  perpendicular.  A  mountain  two  miles 
h^,  and  hemispherical,  rising  in  a  level  country,  would 
pRMlnoe  the  same  deviation  of  the  plummet. 

8SB.  Aooordingly,  such  deviation  of  a  plumb  line  has 
been  observed.  First,  by  the  French  academicians  em- 
ployed to  measure  a  degree  of  the  median  in  Peru.  Hav- 
ii^  placed  their  observatories  on  the  north  and  south  sides 
of  the  vast  mountain  Chimbora9o,  they  found,  that  the 
plummets  of  their  quadrants  were  deflected  toward  the 
nomitain.  Of  this  they  could  accurately  judge,  by  means 
of  the  stars  which  they  saw  through  the  telescope  of  their 
qoadnnt,  when  they  were  pcnnted  vertically  by  means  of 
the  plummet. 

Thus,  if  the  plummets  take  the  positions  A B,  CD, 
(Fig.  SS.)  instead  of  hanging  in  the  verticals  A  F  and  C  H, 
a  star  I  will  seem  to  have  the  zenith  distances  f  I,  gl,  in- 
Mead  of  E  I,  61,  which  it  ought  to  have ;  and  the  dis- 
tmoe  F  H  on  the  Earth^s  surface  will  seem  the  measure  of 
die  difiieienoe  of  latitude  egf  whereas  it  corresponds  to 
EG.  The  measure  of  a  degree,  including  the  space  F  H, 
and  estimated  by  the  declination  of  a  star  I,  will  be  too 
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sborty  and  the  measure  of  a  degree,  terminatii^  either  at  F 
or  H,  will  be  too  long  when  the  space  F  H  b  excluded. 

Considerable  doubts  remaining  as  to  the  inferences  drawn 
from  this  observation,-  the  philosophers  were  yeiy  desiioitt 
of  having  it  repeated.  For  this  reason,  our  Sofvem^ 
Geoi^  III.  ever  zealqus  to  promote  true  sdenoe,  sent  the 
royal  astronomer,  Dr  Maskelyne,  to  Scotland,  to  make  this 
experiment  on  the  ncnrth  and  south  sides  of  ShihallieB,  a 
lofty  and  soUd  mountain  in  Perthshire.  The  deviatioa  to- 
ward the  mountain  on  each  ade  exceeded  7' ;  thus  cob* 
firming,  beyond  doubt,  the  noble  discovery  of  our  illus* 
trious  countryman. 

Perhaps  a  very  sensible  effect  might  be  observed  at  Aa- 
napolis-Royal,  in  Nova  Scotia,  from  the  vast  addition  of 
matter  brought  on  the  coast  twice  every  day  by  the  tida.. 
The  water  vises  there  above  a  hundred  feet  at  spring^tide. ' 
If  a  leaden  pipe,  a  few  hundred  feet  long,  were  hud  on 
the  level  beach,  at  right  angles  with  the  coast,  and  a  ghw 
jnpe  set  upright  at  each  end,  and  the  whole  filled  with  wa- 
ter ;  the  water  will  rise  at  the  out^  end,  and  sink  at  the 
end  next  the  land,  as  the  tide  rises.  Such  an  altemtle 
change  of  level  would  give  the  most  satisfactoi^  evidenoe. 
Perhaps  the  effect  might  be  sensible  on  a  very  long  phua- 
met,  or  even  a  nice  spirit  level. 

236.  A  very  fine  and  satisfactory  examination  was  made 
in  1788  by  Mr  H.  Cavendish.  Two  leaden  balls  weie 
fastened  to  the  ends  of  a  slender  deal  rod,  which  was  sus- 
pended horizontally  at  its  middle  by  a  fine  wire.  This 
arm,  after  osrillating  some  time  horizontally  by  the  tirist- 
ing  and  untwisting  of  the  wire,  came  to  rest  in  a  Certun 
pomtion.  Two  great  masses  of  lead  were  now  brought 
within  a  proper  distance  of  the  two  suspended  balls,  and 
their  approach  produced  a  deviation  of  the  arms  from  the 
pcnnts  ik  rest.  By  the  extent  of  this  deviation,  and  by  the 
times  of  the  osdllations  when  the  great  masses  were  with- 
drawn, the  proportion  was  discovered  between  the  dasCi- 
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oij  of  the  wire  and  the  gravitation  of  the  balls  to  the 
gnat  HMflaes ;  and  a  mechum  of  all  the  observations  was 

By  these  experiments,  the  mutual  gravitation  of  terres- 
ttisl  matter,  even  at  oondderable  distances,  was  most  evin- 
cmg^y  demoDStmted ;  and  it  was  Intimately  deduced  from 
them,  that  the  medium  density  of  the  Earth  was  more  than 
fife  timet  the  density  of  water.  These  curious  and  valu- 
able experiments  are  narrated  in  the  Philosophical  Trans- 
aetioiMibr  1796. 

S37.  The  oblate  form  of  the  Earth  also  afibrds  another 
proof  that  gravity  is  directed,  not  to  any  singular  point 
within  the  Earth,  but  that  its  direction  is  the  combined 
effect  of  a  gravitation  to  every  particle  of  matter.  Were 
gravity  directed  to  the  centre,  by  any  peculiar  virtue  of 
that  point,  thei^  as  the  rotation  takes  away  ^\^  of  the  gra- 
vity at  the  equator,  the  equatorial  parts  of  a  fluid  sphere 
most  liie  one-half  of  this,  or  j^t,  bef(N%  all  is  in  equilibrio. 

For  suppose  C  N  and  C  Q  (Fig.  6.)  to  be  two  canals 
waching  fivm  the  pole  and  from  the  equator  to  the  centre. 
SiDoe  the  diminution  of  gravity  at  Q  is  observed  to  be  ,ig, 
and  the  gravitadon  of  every  particle  in  CQ  is  diminished 
by  rotation  in  proportion  to  its  distance  from  the  axis  of 
rotadoD,  the  diminution  occasioned  in  the  weight  of  the 
iriiole  canal  ^11  be  one-half  of  the  diminution  it  would 
sustain,  if  the  weight  of  every  particle  were  as  much  di« 
minished  as  that  of  the  particle  Q  is.  Therefore  the  canal 
presses  less  on  the  centre  by  -  ^  ^ ,  and  must  be  lengthened 
so  mudi  before  it  will  balance  NC,  which  sustains  no  di- 
minution of  weight.  Every  other  canal  pajrallel  to  C  Q 
sustains  a  similar  loss  of  weight,  and  must  be  similarly 
eonpensated.  This  will  produce  an  elliptical  spheroidal 
fann. 

But  the  equatorial  parts  of  our  globe  are  much  mcM'c 
elevated  than  this — ^not  less  than  5(7.  The  reason  is  this: 
When  the  rotation  of  the  Earth  has  ndsed  tlie  equatorial 
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points  ,i^,  the  plummet,  which  at  a,  (Fig.  6.)  wouM 
have  hung  in  tlie  direction  a  D,  tangent  to  the  evolute 
ABDF,  is  attracted  sideways  by  the  protuberant  mattv 
toward  the  equator.  But  the  surface  of  the  ocean  must 
still  be  such,  that  the  plummet  is  perpendicalar  to  H. 
Therefore  it  cannot  retain  the  elliptical  form  prodtioed  by 
the  rotation  alone,  but  swells  still  more  at  the  equator; 
and  this  still  increases  the  deviation  of  the  plummet.  TUi 
must  go  on,  till  a  new  equilibrium  is  produced  by  a  new 
figure.  This  will  be  considered  afterwards.  No  more  ii 
mentioned  at  present,  than  what  is  necessary  for  shewing^ 
that  the  protul^erance  produced  by  the  rotation  causes,  i^ 
its  attraction,  the  plummet  to  deviate  from  the  pontion 
which  it  had  acquired,  in  consequence  of  the  same  rato- 
tion. 

838.  By  such  induction,  and  such  reasoning,  is  estab- 
lished the  doctrine  of  universal  gravitation,  a  doctrine 
which  is  placed  beyond  the  reach  of  controversy,  and  Imh 
immortalized  the  fame  of  its  illustrious  inventor. 

Sir  Isaac  Newton  has  been  supposed  by  many  to  hift 
assigned  this  mutual  gravitation,  or,  as  he  sometimes  calb 
it,  this  attraction,  as  a  property  inherent  in  matter,  and  ai 
the  cause  of  the  celestial  phenomena ;  and  for  this  reason, 
he  has  been  accused  of  introducing  the  occult  qualities  of 
the  peripatetics  into  philosophy.  Nay,  many  accuse  him 
of  introducing  into  philosophy  a  manifest  absurdity,  name- 
ly, that  a  body  can  act  where  it  is  not  present  TMs, 
they  say,  is  equivalent  with  saying,  that  the  Sun  attracts 
the  planets,  or  that  any  body  acts  on  another  that  is  at  a 
distance  from  it. 

Both  of  those  accusations  are  unjust  Newton,  in  no 
piaoe  of  that  work  which  contains  the  doctrine  of  univer- 
sal gravitation,  that  is,  in  his  Mathematical  PrtncipUe  of 
ifmhurol  PhUoiophf^  attempts  to  explain  the  general  phe- 
of  the  solar  system  from  the  principle  of  universal 
On  the  contrary,  it  is  in  those  generai  phe- 
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Aat  lie  disocyren  it    The  only  discovery  to  which 
hefnSmcB  to  hove  any  claim  is,  iHy  the  matter  of  fact, 
dbc  efcrj  body  in  the  solar  system  is  continually  deflected 
tovard  every  other  body  in  it,  and  that  the  deflection  of 
mrf  indfividnal  body  A  toward  any  other  body  B,  is  ob^ 
tervid  to  be  IB  the  proportion  of  the  quantity  of  matter  in 
B  directly,  and  of  the  square  of  the  distance  AB  inversely; 
and,  2dE^,  that  the  falling  of  terrestrial  bodies  is  just  a 
ptftieolar  example  of  this  universal  deflection.    He  em- 
]doys  this  disooveiy  to  explain  phenomena  that  are  more 
partienlar ;  and  all  the  explanation  that  he  gives  of  these 
ii^  the  shewing  that  they  are  modified  cases  of  this  general 
fheBsmenon,  of  which  he  knows  no  explanation  but  the 
meK  deacription.    Newton  was  not  more  eminent  for  ma- 
AfunatJcal  genius  and  penetrating  judgment,  than  for  lo^ 
gieal  aeconcy.     He  uses  the  word  gravitation  as  the  ex- 
presami,  not  of  a  quality,  but  of  a  fact ;  not  of  a  cause, 
but  of  an  event.     Having  established  this  fact  beyond  the 
power  of  controversy,  by  an  induction  sufliciently  copious, 
nay,  without  a  single  exception,  he  explains  the  more  par- 
ticular  phenomena,  by  shewing,  with  what  modifications, 
ariang  fixmi  the  circinnstances  of  the  case,  they  are  includ- 
ed in  the  genersd  fact  of  mutual  deflection ;  and,  finally^ 
aa  di  changes  of  motion  are  conceived  by  us  as  the  efiects 
^tfaitXf  he  says,  that  there  is  a  deflecting  force  continually 
aetifl^  OB  every  particle  of  matter  in  the  solar  system,  and 
that  this  deflecting  force  is  what  we  call  weight,  heaviness. 
Pew  peraons  think  themselves  chargeable  with  absurdity, 
or  with  die  abetting  of  occult  qualities,  when  they  really 
consider  the  heaviness  of  a  body  as  one  of  its  properties. 
So  far  from  being  occult,  it  seems  one  of  the  most  mani- 
fiesL     It  is  not  the  heaviness  of  this  body  that  is  the  occult 
qnfity ;  it  is  the  cause  of  this  heaviness.     In  thus  conrid- 
cring  gravity  as  competent  to  all  matter,  Newton  does  no- 
dmg  that  is  not  done  by  others,  when  they  ascribe  im- 
pqlsifeness  or  inertia  to  matter.     Without  scruple,  they 
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say  that  impulsiTencss  is  an  universal  property  of  nuMer. 
Impul^veness  and  heaviness  are  on  precisely  the  same  loot- 
ing— ^mere  phenomena ;  and  the  most  general  phenamena 
that  we  know.  We  know  none  mare  general  than  im- 
pulsiveness, so  as  to  include  it,  and  thus  enable  us  to  exp 
plain  it.  Nor  do  we  know  any  that  includes  the  pbenn- 
mena  oT  universal  deflection,  with  all  the  modificationB  of 
the  heaviness  of  matter.  Whether  one  of  these  can  es- 
plun  the  other  is  a  diflTerent  question,  and  will  be  oomid- 
ered  on  another  occaaon,  when  we  shall  see  with  bow  litde 
justice  philosophers  have  refused  all  action  at  a  distance. 

But  it  would  seem  that  there  is  some  peculiarity  in  tliii 
explanation  of  the  planetary  motions,  which  hinders  it  from 
giving  entire  satisfaction  to  the  mind.  If  this  be  the  case, 
it  is  principally  owing  to  mistake ;  to  carelessly  imputing 
to  Newton  views  which  he  did  not  entertain.  His  doctrine 
of  universal  gravitation  does  not  attempt  to  explain  ham 
the  operating' cause  retards  the  Moon^s  motion  in  the  fint 
and  third  quarters  of  a  lunadon ;  it  merely  narrates  in 
what  direction,  and  with  what  velodty,  this  change  is  pro- 
duced ;  or  rather,  it  shews  how  the  Moon^s  deflection  to- 
ward the  Earth,  joined  to  her  deflection  toward  the  Sun, 
both  of  which  are  matters  of  fact,  constitute  this  seeming 
irregularity  of  motion  which  we  oonader  as  a  disturbance. 
But  with  respect  to  the  operating  cause  of  this  general  de^ 
flection,  and  the  manner  in  which  it  produces  its  effect,  so 
as  to  explain  that  effect,  Newton  is  altogether  silent.  He 
was  as  anxious  as  any  person  not  to  be  thought  to  ascribe 
inherent  gravity  to  matter,  or  to  assert  that  a  body  oouU 
act  on  another  at  a  distance,  without  some  mechanical  in- 
tervention. In  a  letter  to  Dr  Bentley,  he  expresses  this 
anuety  in  the  strongest  terms.  It  is  difficult  to  know 
Newton  s  precise  meaning  by  the  word  action.  In  veiy 
strict  language,  it  is  absurd  to  say  that  matter  acts  at  aU 
^n  contact  or  at  a  distance.  But  if  one  should  assert, 
that  the  condition  of  a  particle  a  cannot  depend  on  another 
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pardde  ft  at  a  distluice  from  it,  hardly  any  person  will  say 
that  he  makes  this  assertion  from  a  clear  perception  of  the 
ahRifdity  of  the  contrary  proposition.  Should  a  person 
say  that  the  mere  preaenoe  of  the  particle  &  is  a  sufficient 
reasoii  for  a  approaching  it,  it  will  be  difficult  to  prove  the 
assertion  to  be  absurd. 

2S9.  Such,  however,  has  been  the  general  opinion  of 
philosophers;  and  numberless  attempts  have  been  made  to 
thrust  in  some  material  agent  in  all  the  cases  of  seeming 
action  at  a  distance.  Hence  the  hypotheses  of  magnetical 
and  electrical  atmospheres ;  hence  the  vortexes  of  Des 
Cartes,  and  the  celestial  machinery  of  Eudoxus  and  Cal- 
Iqjpus. 

Of  all  those  attempts,  perhaps  tlic  most  rash  and  unjus- 
tifiable is  that  of  Leibnitz,  published  in  tlie  Leipzig  Acts, 
1689,  two  years  after  tlie  publication  of  Newton's  Principia, 
and  of  the  review  of  it  in  those  very  acts.  It  may  be  called 
nsh,  because  it  trusted  too  much  to  the  deference  which 
his  own  countrymen  had  hitherto  shewn  for  his  opinions. 
In  this  attempt  to  account  for  the  elliptical  motion  of  the 
planets^  Leibnitz  pays  no  regard  to  the  acknowledged  laws 
of  motion.  He  assumes  as  principles  of  explanation,  mo- 
tions totally  repugnant  to  those  laws,  and  motions  and  ten- 
dencies incongruous  and  contradictory  to  each  other.  And 
then,  by  the  help  of  geometrical  and  analytical  errors, 
which  compensate  each  other,  he  makes  out  a  strange  con- 
chisioa,  which  he  calls  a  demonstration  of  the  law  of  plane- 
taiy  gravitation ;  and  says,  that  he  sees  that  this  theorem  is 
known  to  Mr  Newton,  but  that  he  cannot  tell  how  he  has 
arrived  at  the  knowledge  of  it.  This  is  something  very  re- 
markable. Newton's  process  is  sufficiently  pointed  out  in 
the  Acta  Erudiiorum^  which  M.  Leibnitr  acknowledges  that 
he  had  seen.  A  copy  of  the  Principia  was  sent  to  him, 
by  order  of  the  Royal  Society,  in  less  than  two  months 
after  the  publication.-^— It  was  soon  known  over  all  Europe. 
It  is  without  the  least  foundation  that  the  partisans  of 
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H.  I^bnitv  gave  him  any  share  in  the  dinoveiy  of  the  kv 
of  grsvitadon.  None  of  them  has  ventured  to  quote  Aii 
dissertation  as  a  proposition  justly  proved,  nor  to  defimd  k 
agnmit  the  objections  of  Dr  Gregory  and  Dr  KdU.  IL 
Leibnitc^s  remarks  on  Dr  Gregory^s  critidsm  weare  not  ad- 
mitted into  the  Acta  Eruittorumy  though  under  the  n^ 
nagement  of  his  particular  friends.  In  October  1706  they 
inserted  an  extract  from  a  letter,  containing  some  of  Aok 
remarks ;— if  possible,  they  are  more  absurd  and  incongni- 
ous  than  the  orighml  cUssertation. 

It  b  worth  while,  as  a  piece  of  amusement,  to  read  the 
account  of  this  dissertation  by  Dr  Gregory  in  his  Asitroiia- 
my,  and  the  observations  by  Dr  Keill  in  the  Journal  lAk- 
raire  de  la  Haye^  August  1714. 

S40.  Sir  Isaac  Newton  has  also  shewn  some  dispositimi 
to  account  for  the  planetary  deflection  by  the  acUovi  of  tn 
elastic  aether.  The  general  notion  of  the  attempt  is  tins : 
The  space  occupied  by  the  solar  system  is  supposed  to  be 
fUled  with  an  elastic  fluid,  incomparably  more  subtle  and 
more  elastic  than  our  air.  It  is  supposed  to  be  of  greater 
and  greater  density  as  we  recede  from  the  Sun,  and  in 
general  ftam  all  bodies.  In  consequence  of  this,  Newton 
thinks  that  a  planet  placed  any  where  in  it  will  be  impelled 
ttata  a  denser  into  a  rarer  part  of  the  srther,  and  in  tUs 
mnnnier  have  its  course  incurvated  toward  the  Sun. 

But,  without  making  any  remarks  on  the  impossibiSty 
Af  conceiving  this  operation  with  any  distinctness  that  can 
entittef  the  hypothesis  to  be  called  an  expUmation^  it  need 
doly  bb  observed,  that  it  is,  in  its  first  conception,  quite  on- 
fit  for  akiswdring  the  very  purpose  for  which  it  is  employed; 
nantely,  to  avoid  the  absurdity  of  bodies  acting  on  odvms  at 
A  diktAite.  For,  unless  this  be  allowed,  an  asther  of  dif- 
fierent  dendty  and  elasticity  in  its  different  strata  cannot 
^kiirt.  It  must  either  be  uniformly  dense  and  elastic 
thtougboilt,  (Mr  there  must  exist  a  repulsive  force  operating 
^aJJMgjMti  vefy  distant  partides—perhaps  extending  its  in« 
^^^i^pa  aa  far  as  the  solar  influence  extends— nay,  elasticity 
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Without  in  aelioli  e  disiatM,  even  between  the  adjoining 
fittidci^  19  inocBeeiTaUe.  What  is  meant  by  elasticity  ? 
Sorely  ailcli  a  coiiatitution  of  the  asBemblage  of  particles  as 
makes  them  recede  from  each  other ;  and  the  absurdity  is 
m  gnA  at  ihe  distance  of  the  millionth  part  of  a  hair^ 
bfcadA  as  al  die  ^stance  of  a  million  of  leagues.  If  we 
aMMDopt  to  etade  this,  by  saying  that  the  particles  are  in 
ootitaot,  and  are  elastic,  we  must  grant  that  they  are  com- 
preaaMe^  and  are  really  cunpressed,  otherwise  they  are  not 
exerting  any  elastic  force ;  therefore  they  are  dimpled,  and 
can  no  more  constitute  a  fluid  than  so  many  blown  blad- 
ders compressed  m  a  box. 

Tile  last  attempt  of  this  kind  thsit  ritaU  be  mentioned,  is 
thai  of  M.  Le  Sage  of  Geneva,  put  into  a  better  shape  by 
M.Pkevot,  in  a  Monoir  published  by  the  Academy  of 
Berii^  under  the  name  of  Leuereoe  Keutmlien.  This  pU^ 
loaopber  supposes  that  through  every  pmnt  of  space  there 
b  eantinoatty  passmg  a  stream  of  ssther  in  eveiy  direction^ 
with  itoMfmse  rapidity.  This  wHt  produce  no  eSecC  oil  li 
solilaiy  body ;  but  if  Acre  are  two,  one  of  them  intehsepts 
part  of  the  ttreenl  which  would  have  acted  oaf  the  6ther. 
ThawJifct  the  faoiKes,  hting  less  impelled  on  that  side 
which  faeea  the  ^ther,  will  move  toward  eadv  other.  Le 
Sige  adds  some  orcnmstanioeB  respecting  the  structure  of 
the  bodies^  which  may  give  a  sort  of  prdgression  in  the  in* 
toisity  ef  the  impulse,  which  may  produce  a  deflection  di- 
orinishing  as  the  dietanoe  or  its  A]uare  increases*  But  this 
l^rpotfacria  also  requires  that  we  make  ^ght  of  the  aoknow« 
higtd  kwa  cf  motion*    It  has  other  insuperable  difiiculties, 

i,  so  far  fimn  allbrding  any  eofpbmiaHon  of  the  jdaneta^y 
its  most  trifling  circumstance  it  incomparaUy  more 
dttcttlt  to  comprehend,  or  even  to  conceive  than  the  most 
intricate  phenomenon  in  astronomy. 

Ml.  Indeed  this  difiiculty  obtains  in  every  attempt  of 
the  kiadv  it  being  neceasary  to  consider  the  combined  mo- 
tion of  Boilliona  of  bodies^in  order  to  explain  the  motion  of 
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one.  But  such  hypotheses  have  a  worse  fault  than  their 
difficulty ;  they  transgress  a  great  rule  of  philosophical  dis- 
quisition^  '  never  to  admit  as  the  cause  of  a  phenomenon 
any  thing  of  which  wc  do  not  know  the  exiat«[ioe.^  For, 
even  if  the  legiumate  oonsequenoes  of  the  hypothesis  were 
agreeable  to  the  phencxnena,  thb  only  shews  thepambiBig 
of  the  theory,  but  g^ves  no  explanation  whatever.  The 
hypothesis  is  good,  only  as  Seut  as  it  agrees  with  the  pheno- 
mena ;  we  therefore  understand  the  phenomena  as  far  si 
we  understand  the  explanation.  The  oburved  laws  of  the 
phenomena  are  as  extensive  as  our  explanation,  and  the 
hypothesis  b  useless.  But,  alas !  none  of  those  hypotheses 
agree,  in  their  legitimate  consequences,  with  the  pbsno- 
mena ;  the  laws  of  motion  must  be  thrown  aade,  in  order 
to  employ  them,  and  new  laws  must  be  adopted.  This  is 
unwise;  it  were  mudb  better  to  give  those  pro  re  note  lavs 
to  the  planets  themselves. 

Mr  Cotes,  a  philosopher  and  geometer  of  the  first  anip 
nenoe,  wrote  a  preface  to  the  second  edition  of  the  Prino- 
pia,  which  was  published  in  171 3  with  many  alterations  and 
improvements  by  the  author.  In  this  prefiftce  Mr  Colei 
pves  an  excellent  account  of  the  principles  of  the  New- 
tonian philosophy,  and  many  very  pertinent  remarks  cm 
the  maxim  which  made  philosc^ers  so  adverse  to  the  ad- 
mission of  attracting  and  repelling  forces.  Whatever  may 
have  been  Newton^s  sentiments  in  early  life  about  the  oom- 
petency  of  an  ehutic  sether  to  account  for  the  planetary  de- 
flections, he  certainly  put  little  value  on  it  af^wards.  For 
he  never  made  any  serious  use  of  it  for  the  explanation  of 
any  phenomencm  susceptible  of  mathematical  discussion. 
He  had  certainly  rejected  all  such  hypotheses,  otherwise  he 
never  would  have  permitted  Mr  Femberton  to  prefix  that 
preface  of  Mr  Cotes  to  an  edition  carried  on  under  his  own 
eye..  For  in  this  preface  the  absurdity  of  the  hypothesis  of 
an.  elastic  «ther  is  completely  exposed,  and  it  is  declared  to 
]f»  aoentrivanoe  altogether  unworthy  of  a  philosopher.  Yet^ 


IS  GRAVITT  AV  IMUKBXNT  FBOPEKTY  ?  141 


when  Mr  Cotes  £ed  soon  after,  Sir  Isaac  Newton  spoke  of 
him  in  tenns  of  the  highest' respect  Alas  I  said  he,  we  have 
loetMrCoUe;  had  he  Uved,  we  should  soon  have  learned 
mmuMmg  excdleni. 

At  present  the  most  eminent  philosophers  and  mathema- 
ticians in  Europe  profess  the  opinion  cf  Mr  Cotes,  and  see 
no  Tafidity  m  the  philosophical  maxim  that  bodies  cannot 
act  at  a  dSsCanoe.    M.  de  la  Place,  the  excellent  commenta- 
tor of  Newton,  and  who  has  given  the  finishing  stroke  to 
die  umrersality  of  the  influence  of  gravitation  on  the  plane> 
taiy  motions,  by  explaining,  by  this  principle,  the  secular 
equatkn  of  the  Moon,  which  had  resisted  the  efforts  of  all 
the  madieniaticians,  endeavours,  on  the  contrary,  to  prove 
that  an  action  in  the  inverse  duplicate  ratio  of  the  distances 
results  fitm  the  very  essence  or  existence  of  matter.    Some 
remarks  will  be  made  on  this  attempt  of  M.  de  la  Place 
afterwards.    But  at  present  we  shall  find  it  much  more 
oondoeive  to  our  purpose  to  avcnd  altogether  tfiis  metaphy- 
sical question,  and  strictly  to  folk>w  the  example  of  our 
iUustrioQs  Instructor,  who  clearly  saw  its  absolute  insignia 
fieanoe  for  increasing  our  knowledge  of  Nature. 

Newton«saw  that  any  inquiry  into  the  maniner  qf  acting 
oFtheeflSciait  cause  of  the  planetary  deflections  wasaltoge- 
Aer  umieoessary  for  acquiring  a  complete  knowledge  of  all 
the  phenomena  depending  on  the  law  which  he  had  so  hap- 
pily disoovered*  Such  was  its  perfect  simplicity,  that  we 
wanted  nothing  but  the  assurance  of  its  constancy— -4m  as- 
surmoe  established  on  the  exquisite  agreement  of  pheno- 
mena mth  every  le^timate  deduction  from  the  law. 

Evoi  Newton's  perspicadous  mind  did  not  see  the  number 
of  important  phenomena  that  were  completely  explained  by 
it,  and  he  thou^t^  that  some  would  be  found  which  re- 
qmred  the  admission  of  other  prindples.  But  the  first 
matbematirians  of  Europe  have  acquired  most  deserved 
fame  in  the  cultivation  of  tlus  philosophy,  and  in  their  pro- 
gress have  found  that  there  is  not  one  appearance  in  the 
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oelflrtial  inf>tiai»  that  is  inoontistent  with  the  Newtoniui 
laWf  and  ^caroely  a  phenomenoD  that  requires  any  thing 
else  for  its  G(xnplete  explanation. 

Hitherto  we  have  been  employed  in  the  establishment  of 
a  geoeivl  law.    We  tire  now  to  shew  how  the  motions  ac- 
tiialty  observed  in  the  individual  members  of  the  solar 
systems  result  from,  or  are  examples  of  the  operation  of  the 
power  cflUed  Gravity,  apd  how  its  effects  are  mpdified,  aii4 
mad^  ^ifbat  we  behold,  by  the  drcumstspces  of  the  case.-^ 
To  do  this  in  detail  would  pocupy  many  volumes ;  wp  ipiist 
ooDtent  ourselves  with  adducing  one  or  two  of  the  pipst  ip* 
teresting  examines.     The  student  in  this  noble  department 
of  mechanical  jdbilosophy  will  derive  great  assistance  froia 
Mr  M^Laurin's  Account  qfSir  Isaac  NevtotCM  Dicqoeritt^. 
Dr  Pemberton's  View  qfihe  Newtonian  Philoiofhjf  has  also 
ooBsiderBble  merit,  and  is  peculiarly  fitted  for  those  who 
an  less  habituated  to  mathematical  discussiop.    The  Coa* 
mographia  of  the  Abb^  Frisi  is  one  of  the  most  yfduabl^ 
works  extant  pn  this  subject.     This  author  gives  a  ^^'ery 
compendious,  yet  a  dear  and  perspicuous,  account  of  the 
Newtonian  doctrines,  and  of  all  the  improvements  in  the 
manner  of  treating  them  which  have  resulted  from  the  i|n- 
remitting  labour  of  the  great  mathematicians  in  their  assi- 
duous cultivation  of  the  Newtonian  philosophy.     He  fol- 
lows, in  general,  the  geometrical  method,  and  his  geometry 
is  elegant,  and  yet  he  exhibits  (also  with  great  neatness)  4II 
the  noted  analytical  processes  by  which  this  philosophy  has 
been  brought  into  its  present  state. 
What  now  follows  may  be  called  an  outline  of 

The  Theory  qfihe  Celestial  Motions. 

843.  The  first  general  remark  that  arises  from  the  esta- 
blishment of  universal  and  mutual  gravitation  is,  that  the 
common  centre  of  the  whole  system  is  pot  affected  by  it, 
and  if  either  at  rest,  or,  if  in  motion,  this  motion  is  pro- 
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di]tted  by  s  ibrce  which  is  extenud  to  the  system  and 
acts  equally  and  in  the  same  direction  on  every  body  of  the 


24S.  A  force  has  been  discovered  pervading  the  whole 
system,  and  determining  or  regulating  the  motions  of  every 
in^vidual  body  in  it  The  problem  which  naturally  offers 
itadf  first  to  our  discussion  is,  to  ascertain  wJuU  will  be  ike 
fmoOon  of  a  bo^,  projected  from  any  given  point  ofihe 
tolttr  nfstem^  in  any  particular  direction^  and  toith  anypar- 
tiadar  vehcUy^^whai  will  be  thejbrm  qfits  path^  how  will 
it  moxjc  in  this  paihj  and  where  will  it  be  at  any  instant 
wechooie  to  name  t 

Sir  Isaac  has  given,  in  the  41st  proportion  of  his  first 
book,  the  solution  of  this  problem,  in  the  most  general 
terms,  not  limited  to  the  observed  law  of  gravitation,  but 
extended  to  any  conceivable  relation  between  the  distances 
and  the  intensity  of  the  force.  This  is,  unquestionably,  the 
most  sublime  problem  that  can  be  proposed  in  mechanical 
philosophy,  and  is  well  known  by  the  name  of  the  invkksx 

PBOILEU  OF  C£NTAIF£TAL  FORCES. 

But,  in  tins  extent,  it  is  a  problem  of  pure  dynamics,  and 
does  not  make  a  part  of  phy^cal  astronomy.  Our  attention 
is  Umited  to  the  centripetal  force  which  connects  this  part 
of  the  creation  of  God — a  force  inversely  proportional  to 
the  square  of  the  distances.     It  may  be  stated  as  follows. 

JLet  a  body  P,  (Fig.  2S.)  which  gravitates  to  the  Sun  in 
S,  be  projected  in  the  direction  FN,  with  the  velocity  which 
the  gravitation  at  P  to  the  Sun  would  generate  in  it  by  im- 
pelling it  along  F  T,  less  than  F  S. 

Draw  P  Q  perpendicular  to  P  N.  Take  P  O  equal  to 
tvice  P  T,  and  draw  O  Q  perpendicular  to  P  Q,  and  Q  R 
perpendicular  to  P  S.  Also  draw  P  «,  making  the  angle 
Q  P«  equal  to  Q P  S.  Join  S  Q,  and  produce  S  Q  till  it 
meet  Fsins. 

The  body  will  describe  an  ellipsis,  which  P  N  touches  in 


144  YUYUCAL  ASTUHOHT. 

P,  wliOK  foci  arc  S  and  i,  and  whose  priodpal 
is  twice  P  B.     ' 

For,  draw  S  N  perpendicular  to  P  N.  Make  P  O'  =c 
SP0<»=:4FT,  and  draw  O' Q*  pcrpendiciilar  to  PO', 
and  describe  a  drcle  passing  through  F,  0'  and  Q'.  It  will 
touch  P  N,  because  F  O'  Q'  was  made  a  right  angle,  and 
therefore  P  Q'  is  the  diameter  of  the  circle. 

We  know  that  an  ellipse  may  be  described  by  a  bodjr 
influenced  by  grantation.  This  ellipse  may  have  S  and  « 
for  its  fi)ci,  and  P  N  for  a  tangent  in  P,  because  the  anglei 
are  equal  which  F  N  makes  with  the  two  focal  lines.  Tfaii 
bang  the  case,  we^know  that  if  P  Q,  OQ,  and  QR,  be 
drawn  as  directed  in  the  foregcnng  construction,  F  O'  Q*  ii 
the  drcle  which  has  the  same  curvature  with  the  ellipK  in 
P,  whose  fbd  are  S  and  g,  and  tangent  F  N,  and  P  T  it 
ODfrfiiurth  of  the  chord  of  curvature  in  P,  and  P  R  is  half 
ihe  parameter  of  the,  ellipse.  I'^ercforc  P  T  is  the  tfmt 
along  which  the  body  must  be  uniformly  impelled  by  the 
force  ID  F,  that  it  may  acquire  the  vclodty  with  which 
the  body,  actually  describing  this  ellipse,  posses  through  P. 
Ifthis  body,  which  we  ^allcallA,thuBrevoIvesin  an  ellipse 
we  should  infer  that  it  is  deflected  toward  S,  by  a  force  in- 
versely proportional  to  the  square  of  its  distance  from  S, 
and  of  such  magnitude  in  P,  that  it  would  generate  the  *«■ 
locity  with  which  the  body  passes  through  1",  by  uniformlj 
impdling  it  akmg  F  T. 

Now,  the  other  body  (which  we  shall  call  P)  was  actually . 
prqected  in  the  direction  P  N,  that  is,  in  the  direction  of 
A'a  motion,  with  the  very  velocity  with  which  A  passes 
through  P  in  the  same  direction,  and  it  is  under  the  influ- 
ence of  a  force  predaely  the  same  that  must  have  influenced 
A  in  the  same  place.  The  two  bodies  A  and  F  are  there- 
fere  m  predsely  Ihe  same  mechanical  condiUtm;  in  the 
e  place ;  moving  in  the  aame  direction  ;  with  the  same 
i  deflected  by  the  same  intensity  of  force,  acting  b 
Thdr  motions  in  the  next  moment 
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cumot  be  diffinrent,  and  they  must,  at  the  end  of  the  mo- 
menty  be  again  in  the  same  condition ;  and  this  must  con- 
tmue.  A  describes  a  certain  ellipse ;  P  must  describe  the 
aame ;  for  two  motions  that  are  different  cannot  result  from 
the  same  force  acting  in  the  same  circumstances. 

This  demonstration  is  given  by  Sir  Isaac  Newton  in 
four  lines,  as  a  corollary  from  the  proposition  in  which  he 
deduces  the  law  of  planetary  deflection  from  the  motion  in 
a  conic  section.     But  it  seemed  necessary  here  to  expand 
his  process  of  reasoning  a  little,  because  the  validity  of  the 
inference  has  been  denied  by  Mr  John  Bernoulli,  one  of 
the  first  mathematicians  of  that  age.     He  even  hinted  that 
Newton  had  taken  that  illogical  method,  because  he  could 
not  aooommodate  his  41st  proposition  to  the  particular  law 
of  gravitation  observed  in  the  system.     And  he  claims  to 
himself  the  honour  of  having  the  first  demonstrated  that  a 
oeotripeCal  force,  inversely  as  the  square  of  the  distance, 
necessarily  produces  a  motion  in  a  conic  section.     The  ar- 
gument by  which  he  supports  this  bold  claim  is  very  singu- 
lar, oomiBg  from  a  consummate  mathematician,  who  could 
not  be  ^[ttorant  of  its  nullity ;  so  that  it  was  not  a  serious 
argument,  but  a  trick  to  catch  the  uninformed.     Newton, 
81^  he,  might  with  equal  propriety  have  inferred,  from  the 
descriptioo  of  the  logarithmic  spiral  by  a  body  influenced 
by  a  fane  inversely  proportional'  to  the  cube  of  the  dis- 
tance^ that  a  body  so  deflected  will  describe  the  logarithmic 
qml,  where^  we  know  that  it  may  describe  the  hyperbolic 
spml.     Not  satisfied  with  this  triumph,  he  attacks  New- 
»  ton'*s  process  in  his  41  st  or  general  proposition  of  central 
fbrees,  saying  that  it  is  deduced  from  principles  foreign  to 
the  question ;  and,  af^r  all,  does  not  exhibit  the  body  in  a 
state  of  continued  motion,  but  merely  informs  us  where  it 
will  be  found,  and  in  what  condition,  in  any  assigned  mo- 
ment.    He  condudes  by  vaunting  his  own  process  as  ac- 
comjdishing  all  that  can  be  wanting  in  the  problem. 
These  assertions  are  tlic  most  unfounded    and   bold 
Vol.  in.  K 
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vauntings  of  this  vunglorious  mathematiciaD ;  and  his  own 
solution  is  a  manifest  plagiarism  from  the  writings  of  New- 
ton, except  in  the  method  taken  by  him  to  demonstrate 
the  lemma  which  he  as  well  as  Newton  premises.  New- 
ton''s  dempnstration  of  this  lemma  is  by  the  purest  prin- 
ciples  of  free  curvilineal  motion  ;  and  it  is,  in  this 
respect,  a  beautiful  and  wiginal  proposition.  Bemouffi 
considers  it  as  sjrnonjrmous  with  motion  on  an  inclined 
plane;  with  which  it  has  no  analogy.  The  soIutioD 
of  the  great  problem  by  Bernoulli  is,  in  every  princi- 
ple, and  in  every  step,  the  same  with  Newton's ;  and  the 
only  ciUfference  is,  that  Newton  employs  a  geometrical,  and 
Bernoulli  an  algebnucal  expression  of  the  proceeding.  New- 
tcm  exhibits  continued  motion,  whereas  Bernoulli  employs 
the  differential  caculus,  which  essentially  exhibits  only  i 
succesupn  of  points  of  the  path.  It  is^ worth  the  students 
while  to  read  Dr  EeilPs  Letter  to  John  Bernoulli,  and  his 
examination  of  this  boasted  solution  of  the  celebrated  pio- 
Uem.  But  it  is  still  more  worth  his  while  to  read  New- 
ton^s  solution,  and  the  propositions  in  M^Laurin^s  Fluxions 
and  Hermann^s  Phoronomia,  which  are  immediately  con- 
nected with  this  problem.  This  reading  will  greatly  con- 
duce to  the  forming  a  good  taste  in  disquisitions  of  this 
kind.* 

344.  Our  occupation  'at  present  is  much  more  limited. 
We  are  chiefly  interested  to  shew  that  gravitation  produces 
an  elliptical  motion,  when  the  space  P  T,  along  which  the 
body  must  be  uniformly  impelled  by  the  force  as  it  exists 
in  P,  in  order  to  acquire  the  velocity  of  projection,  is  less 
than  P  S.  But  every  step  would  have  been  die  same, 
had  we  made  P  T  equal  to  P  S  (as  in  Fig.  24.)     But  we 


*  The  propositions  gi?en  by  M.  de  Moivre  in  No  352.  of  the  Phihh 
sophieal  Transactions,  and  those  by  Dr  Keill  in  No  317.  and  340.  are 
peculiarly  simple  and  fipood. 
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ttboidd  dwn  haye  (bund  that  when  the  angle  Q  P  ^  is  made 
equal  toQPS,  tbelineP^willbe  parallel  to  S  Q,  8o  that 
S  Q  will  not  intersect  it,  and  the  path  will  not  have  another 
&CB8.   It  ia  a  parabola,  of  which  P  R  is  the  principal  para- 


245.  We  shall  also  find  that  if  P  T  be  made  greater  than 
PS  (as  in  Fig.  9.)  the  line  P«  (making  the  angles 
QP  S  and  Q  P  ^  equal)  will  cut  S  Q  on  the  other  nde  of 
Sf,  so  that  8  and  «  are  on  the  same  nde  of  Q.  The  path 
will  be  a  hyperbola,  of  which  P  R  is  the  principal  para. 


2i6L  This  restriction  to  the  conic  sections  plainly  follows 
from  the  line  P  R,  the  th'u-d  proportional  to  P  O  and  P  Q, 
Imag  the  prindpal  parameter,  whether  the  path  be  an 
cffipse,  ptpsbola,  hyperbola,  or  circle.* 


*  Tht  only  difficulty  in  the  inference  of  a  conic  section  as  the  ne» 
ptth  of  a  prqjectile  influenced  by  a  fiirce  in  the  inTene  dnpli* 
ratio  of  the  distance  from  the  centre,  has  arisen  from  the  practice 
of  the  a^ehraic  analysts,  of  defining  all  corre  lines  by  the  relation  of 
fli  ahadaa  to  parallel  ordlnates.  But  this  is  by  no  means  necessary ; 
and  aS  corres  which  enclose  space,  are  as  naturally  referable  to  a  fbcos, 
and  dfffaable  by  die  rektion  between  the  radii  and  a  circular  arch* 
An  eq(BatioD  expressing  the  focal  chord  of  cur?ature  is  as  distinctive 
as  tkensaal  equation,  and  leads  us  with  ease  to  the  chief  properties 
of  the  iigare.     Therefore 

Let  S  P,  the  given  distance,  be  a,  and  any  indeterminate  distance  be 
«.  Let  the  perpendicular  S  N  (also  given  by  S  P  and  the  giren  angle 
S P)if)  be  £,  and  let /)  be  the  perpendicular  and  9  the  focal  chord  of 
canalore,  corresponding  to  the  distance  x.  J«et  4  P  T  be  »  ii  Then 
we  have 

Let  ^  (f  8  e  then  q^  -^t  which  is  an  equation  to  a  conic  secdon, 
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It  remaini  to  point  out  the  general  ciicumstaiiceB  of  tlib 
elKptical  motion,  and  their  physical  connexions.  For  thii 
purpose,  the  following  propomtion  is  usefiiL 

847.  When  a  body  describes  any  curve  line  fi  D  P  A 
(Fig.  26.)  by  means  of  a  deflecung  force  directed  to  a  focus 
6,  the  8ii|^e  8  P  N,  whidi  the  radius  vector  makes  with  tbe 
direction  of  the  motion,  diminishes,  if  the  velocity  in  the 
pewit  P  be  less  than  what  would  enable  the  body  to  da- 
flcribe  a  circle  nmnd  S,  and  increases,  if  the  velocity  be 
greater. 

If  tbe  velocity  of  the  body  in  P  be  less  than  that  which 
might  produce  a  drcular  motion  round  S,  then  its  path  will 
coalesce  with  the  nascent  arch  Pp  of  a  circle  whose  da* 
fiective  chord  of  curvature  is  less  than  2  P  8A  Let  its 
half  be  P  O,  less  than  P  S,  and  let  Fp  be  a  very  minute 
arch.  Draw  the  tangents  P  N,  /?  n  and  the  perpcnchculars 
S  N,  S  n.  F  q  perpendicular  to  P  N  will  meet  ^  q  perpen- 
dicular to  |i«  (Pji  being  evanescent)  in  9  the  centre  of  cnr- 
vature.    Draw  jiS  and /)0. 

It  is  evident  that  the  angles  P  qp  and  P  Op  are  ulti- 
mately equal,  as  they  stand  on  the  same  arch  P^  of  tbe 
equicurve  circle,  and  are,  respectively,  the  doubles  of  the 
angles  at  the  circumference.  Fqp  is  evidently  equal  to 
N  Si».  Therefore  FOp  is  equal  to  N  S  n,  and  P  S/?  is 
less  than  N  S  fi.  Therefore  P  S  N  is  less  than  ^  Sn,  and 
S  P  N  is  greater  than  Spn-  Therefore  the  angle  S  P  N 
diminishes  when  P  O  is  less  than  P  S,  that  is,  when  the 
velocity  in  P  is  less  than  what  would  enable  the  centripetal 
fi»ce  in  r  to  retain  the  body  in  a  circle  round  S. 


of  which  e  is  the  parameter,  S  the  focus,  and  P  N  a  tangent  in  P. 
Now  ff  is  a  given  magnitude,  because  a,  b,  d,  arc  all  given.  Express- 
ing  the  angle  S  P  N  by  ^,  we  have  e  «  J  x  sin.^  ^.   Sec  also  for  the 

partienlar  case  of  a  force  proportional  to  ^  the  dissertations  by  Dr 

KeiU  in  tha  PkiL  Tram.  No  317.  and  No  340. 
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Oo  tlie  ocber  hand,  if  the  velocity  in  F  be  greater  than 

what  soitt  a  drcuhff  motion  round  S,  it  is  plain  that  P  O 

will  be  greater  than  P  S,  and  the  angle  P  Sp  will  be 

greater  than  N  S  n,  and  the  angle  P  S  N  greater  than 

/»Sfi,  and  therafore  the  angle  SPN  will  be  less  than  8pnf 

248.  Applying  this  observaUon  to  the  case  of  elliptical 
moCioD,  we  get  a  more  distinct  notion  of  its  different  aSeo- 
tions^  and  their  dependance  on  their  physical  causes. 

In  the  half  DA  B  (Fig.  la)  of  the  ellipse  described  by 
a  phnet  round  the  Sun  in  its  focus  S,  the  middle  point  of 
the  deflective  or  focal  chord  of  curvature  lies  between  the 
phnet  and  the  fiscus.  Therefore,  during  the  whole  motion 
from  D  to B,  along  the  semiellipse  DAB,  the  angle  con- 
tained between  the  radius  vector  and  the  line  of  the  planef  s 
mocioa  is  continually  diminishing.  But  during  the  motion 
m  the  semielKpse,  B  P  D,  the  angle  is  continually  iocrea»« 
ing.  It  is  therefore  the  greatest  possible  in  D,  and  the 
SBsaUeflt  in  B. 

Let  die  jdanet  set  out  from  its  aphelion  A,  with  its  due 
vdodtj,  moving  in  the  direction  A  F.  The  velocity  in  A, 
being  equal  to  that  acquired  by  a  uniform  acceleration 
along  one-lburth  of  the  parameter,  is  vastly  less  than  what 
would  make  it  move  in  the  circular  arch  A  L,  of  which  S 
is  the  centre^  and  the  planet  must  fall  within  that  circle. 
There&fe  its  path  will  no  longer  be  perpendicular  to  the 
ndius  TedoTy  but  must  now  make  with  it  an  angle  some- 
what acute.  The  centripetal  force  therefore  is  now  resolv.^ 
able  into  two  forces,  one  of  which  accelerates  the  planot^s 
notion,  and  tlie  other  incurvates  its  path.  Its  direction 
brings  it  nearer  to  the  Sun.  While  in  thequadrant  A  F  B, 
the  velodty  is  always  less  than  what  is  required  for  a  circu- 
lar motion.  For,  if  from  any  point  F  in  this  quadrant, 
F  G  be  drawn  perpendicular  to  the  tangent,  meeting  the 
transverse  axis  in  G,  and  if  G  H  be  drawn  perpendicular 
U>  the  normal  F  G,  H  F  is  one  half  of  the  focal  chord  of 
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curvature,  and  H  lies  between  P  and  S.  Now,  it  has  been 
shewn  that  when  this  is  the  case,  the  angle  S  F  n  diminishes, 
and,  with  it,  the  ratio  of  S  n  to  S  F  (this  ratio  is  that  of 
CB  to  the  semidiameter  CO,  the  conjugate  of  CF. 
Consequently,  there  will  be  continually  more  and  more 
of  the  centripetal  force  employed  in  accelerating  the  mo- 
tion, and  less  employed  in  incurvating  the  path,  the  fint 
part  being  F  n  and  the  other  S  n.  When  the  planet  arrives 
at  B,  the  point  H  falls  upon  S,  and  the  velodty  is  precisely 
what  would  suffice  for  a  circular  motion  round  S,  if  the 
direction  of  the  motion  were  perpendicular  to  the  radius 
vector.  But  the  direction  of  the  motion  brings  it  still 
nearer  to  S.  A  great  part  of  the  centripetal  force  is  still 
employed  in  accelerating  the  motion;  and  the  moment  the 
planet  passes  B,  the  velocity  becomes  greater  than  what 
might  produce  a  circular  motion  round  S.  For  H  now 
Uea  beyond  S  from  B.  Therefore  the  angle  S  B  N,  whidi 
is  now  in  its  smallest  possible  state,  begins  to  open  again) 
and  this  diminishes  the  proportion  of  the  centripetal  force 
which  accelerates  the  motion,  and  increases  the  proportion 
of  the  incurvating  force.  The  planet  is,  however,  still 
accelerated,  preserving  the  equable  description  of  areas. 
The  angle  S  B  N  increases  with  the  increasing  velod^, 
and  becomes  a  right  angle,  when  the  planet  arrives  at  its 
perihelion  P. 

It  is  shewn,  by  writers  on  the  conic  sections,  that  the  chord 
P I  cut  off  from  any  diameter  P  A  by  the  equicurve  drde 
P  a  I,'is  equal  to  the  parameter  of  that  dhameter.  There- 
fore the  centre  o  of  this  circle  lies  beyond  S.  The  jdanet, 
passing  through  P,  is  describing  a  nascent  arch  of  this 
circle.  Consequendy,  the  curve  which  it  is  describing 
passes  without  a  circle  described  round  S,  and  the  planet  is 
now  receding  from  the  Sun.  This  is  usually  accounted  for, 
by  saying  that  its  velocity  is  now  too  great  for  describing  a 
drde  round  the  Sun.  And  this  is  true,  when  the  intensity 
of  the  deflecting  Ibrce  is  considered*     But  it  has  been 
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thought  difficult  to  account  for  the  planet  now  retiring  from 
the  Sun,  in  the  perihelion,  where  the  centripetal  force  is 
the  greatest  of  all—greater  than  what  has  already  been 
aUe  to  Iving  it  continually  nearer  to  the  Sun.  We  arc  apt 
to  expect  that  it  will  come  still  nearer.  But  the  fact  is,  that 
the  planet,  in  passing  through  P,  is  really  moving,  so  that, 
if  the  Sun  were  suddenly  transferred  to  o,  it  would  circu- 
late round  it  for  ever.  But,  in  describing  the  smallest  por- 
tion of  the  circle  P  a  I,  it  goes  without  the  circle  which  has 
S  for  its  centre,  and  its  motion  now  makes  an  obtuse  angle 
with  the  radius  vector,  although  it  is  perpendicular  to  a 
radius  drawn  to  o.  There  is  now  a  portion  of  the  centri- 
petal force  em{>loyed  in  retarding  the  motion  of  the  planet, 
and  its  vdodty  is  now  diminished ;  and  the  angle  of  the 
radius  vector  and  the  path  is  now  increased,  by  the  same 
degrees  by  which  they  had  been  increased  and  diminished 
during  the  approach  to  the  Sun.  At  D,  the  planet  has  the 
same  distance  from  the  Sun  that  it  had  in  B,  and  the  same 
velodty.  The  angle  S  D  t;  is  now  as  much  greater  than  a 
rig^t  an^  as  S  B  N  was  less ;  and  at  A,  it  is  reduced  to  a 
right  an^e,  and  the  velocity  is  again  the  same  as  the  first. 
In  this  way  the  planet  will  revolve  for  ever. 

It  was  shewn  in  Dynamics,  that  in  the  curvilineal  motion 
of  bodies  by  the  action  of  a  central  force,  the  velocities  are 
inversely  as  the  perpendiculars  from  the  centre  of  forces 
on  the  lines  of  their  directions.  In  the  perihelion,  the'ra^- 
dius  vector  is  perpendicular  to  the  path.  >  The  perihelion 
distance  may  therefore  be  taken  as  the  unit  of  the  scale  on 
which  all  the  other  velocities  are  measured.  The  other 
velocities  may  therefore  be  considered  as  fractions  of  the 
perihelion  velocity,  which  is  the  greatest  of  all. 

In  elliptical  motions,  the  velocities  in  every  point  are 
as  the  perpendiculars  drawn  from  the  other  focus  on  the 
tangents  in  that  point  For  the  perpendiculars  on  any  tan- 
gent drawn  from  the  two  foci  are  reciprocal. 

249.  Hence  it  appears  that  if  a  body  sets  out  from  P, 
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with  the  velocity  acquired  by  uniform  acceleration  akxig 
P  S,  and  describes  a  parabola  by  means  of  a  centripetal 
force  directed  to  S,  the  velocity  diminishes  without  Kmit 
For  the  perpendicular  drawn  from  the  focus  on  a  tangent 
to  a  parabola  may  be  greater  than  any  line  that  can  be  as- 
signed,  if  the  point  in  the  parabola  be  taken  sufficiently 
remote  from  the  vertex. 

250*  If  the  body  set  out  from  P  with  a  velocity  exceed- 
ing what  it  would  acquire  by  uniform  acceleration  along 
P  S,  it  will  describe  a  hyperbola,  and  its  velodty  will  di- 
minish continually.  But  it  will  never  be  less  than  a  certain 
determinable  magnitude,  to  which  it  continually  approxi- 
mates. For  the  perpendicular  from  the  foCws  on  the  tan- 
gent in  the  most  remote  point  of  the  hyperbola  that  can  be 
assigned,  is  still  less  than  the  perpendicular  to  the  assjrmp- 
tote,  to  which  the  tangent  continually  approaches. 

But,  when  the  velocity  in  the  perihelion  is  less  than  that 
acquired  by  uniform  acceleration  along  P  S,  there  will  al- 
ways be  a  limit  to  its  diminution  by  the  recess  from  the 
centre  of  force.  For  the  velocity  being  so  moderate,  the 
path  is  more  incurvated  by  the  centripetal  force ;  so  that 
the  body  is  made  to  describe  a  curve  which  has  an  upper 
ap»s  A,  as  well  as  a  lower  apsis  P.  The  body,  afler  pass- 
ing through  A  at  right  angles  to  the  radius  vector,  is  now 
accelerated,  because  its  path  now  makes  an  acute  angle 
with  the  radius  vector ;  and  thus  the  velocity  is  again  in- 
creased. 

251.  The  velocity  in  any  point  of  the  ellipse  described 
by  a  planet  is  to  the  velocity  that  would  enable  the  same 
force  to  retain  it  in  a  circle  at  the  same  distance,  in  the  sub- 
duplicate  ratio  of  its  distance  from  the  upper  focusy  to  the 
semitransverse  axis.  That  is,  calling  the  elliptic  velocity 
V,  and  the  drcular  velocity  v,  we  have  V^ :  v*  =  P  « :  C  A« 
(Fig.  26.) 

For  (860.)  V»:  »«=P0  :  PS. 

But  by  conic  sections  it  is  shewn  that  PO  X  C  A  is  equal 
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to  CK«  =  PSxP«.      Therefixre  PO  :  PS  zcP*  :  C  A 
and  V':o'=:P«:CA. 

262.  The  angular  motion  in  the  ellipse  is  to  the  angular 
motioo  in  a  circle  at  the  tame  distance,  and  by  the  action 
of  the  same  foioe»  in  the  subduplicate  ratio  of  half  the 
parameter  to  the  distance  from  S. 

Take  Pjp,  a  small  archof  theellipse,  and,  with  the  centre 
Sy  and  distance  S P,  describe  the  drcular  ardi  ¥ z\,  cut*, 
ting  Sp  in  z.  Make  Pp  to  P  V  as  the  velocity  in  the  el* 
lipse  to  that  in  the  circle*  Then  it  is  plain  that  P  ja;  is  to 
P  V  as  the  angular  motion  in  the  ellipse  is  to  the  angular 
motion  in  the  drde. 

The  angle  zPp  being  the  complement  of  NPS  (because 
NP  may  be  considered  as  coinciding  with  pF)  it  is  equal 
to  NSP.    Therefore, 

Fz'iTi^zz  8N*  :  SP*,  =  PQ«  :  PO^ 
therefore        Pa«  :  P/>*  =  PE  :  PO 
but  Pp*  :  PV«  =  PO  :  PS 

therefore        Pa«  :  PV«  =  PR  :  PS. 

Cor»  The  angular  motion  in  the  circle  exceeds  that  in 
the  eOipse,  when  the  point  B  lies  between  P  and  S,  and 
fidls  short  of  it  when  R  lies  bqrond  S.  They  are  equal 
when  PS  ia  perpendieukr  to  AC,  or  when  the  true  anomaly 
of  the  planet  is  90^.  For  then  R  and  S  cmncide.  Here 
the  approach  to  S  is  most  rapd. 

£53.  In  any  point  of  the  ellipse,  the  gravitation  or  cen- 
tripetal force  is  to  that  which  would  produce  the  same  an- 
gular motion  in  a  circle,  at  the  same  distance  from  the  Sun, 
as  tins  distance  is  to  half  the  parameter,  that  is,  as  PS  to 
PR, 

For,  by  the  last  prc^K)sition,  wlien  the  forces  in  the  cir- 
de  and  ellipse  are  the  same,  the  angular  motion  in  the  cir- 
de  was  to  that  in  the  elfipse  as  PV  to  P)ar,  which  has  been 
shewn  to  be  as  V^PS  to  VpR.  Theref(H^,  when  the  an- 
gular Telocity  in  the  dbrde,  and  consequentiy  the  real  Tdo- 
city,  is  ehangedirom  PV  to  F»,  m  <»der  that  it  may  be 
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the  same  with  that  in  the  ellipse,  the  oeBtripetal  force  must 
be  changed  in  the  proportion  of  PV  to  Fx'y  that  is,  of 
PS  to  PR.  Therefore  the  force  which  retains  the  body 
in  the  ellipse  is  to  that  which  will  retain  it  with  the  ant 
angular  motion  in  a  circle  at  that  distance  as  PS  to  PB. 

These  are  the  chief  affections  of  a  motion  r^ulated  bjr 
a  centripetal  force  in  the  inverse  duplicate  ratio  of  the  &- 
tance  from  the  centre  of  forces.  The  comparison  of  them 
with  motions  in  a  circle  ^ves  us,  in  most  cases,  easy  mem 
of  stating  every  change  of  angular  motion,  or  of  approich 
to  or  recess  from  the  centre,  by  means  of  any  change  of 
centripetal  force,  or  of  velocity. 

Such  changes  frequently  occur  in  the  planetary  spaces; 
and  the  regular  elliptical  motion  of  any  individual  planet, 
produced  by  its  gravitation  to  the  Sun,  is  continually  dis- 
turbed by  its  gravitation  to  tlie  other  planets.  This  dis- 
turbance is  proportional  to  the  square  of  the  distance  bom 
the  disturbing  planet  inversely,  and  to  the  quantity  of 
matter  in  tliat  planet  directly.  Therefore,  before  we  can 
ascertain  the  disturbance  of  the  Earth^s  motion,  for  exam- 
ple, by  the  action  of  Jupiter,  we  must  know  the  propor- 
tion of  the  quantity  of  matter  in  Jupiter  to  that  in  the 
Sun.  This  may  seem  a  question  beyond  the  reach  of  hu- 
man understanding.  But  the  Newtonian  philosophy  fur- 
nishes us  with  infallible  means  for  deciding  it 

C^ihe  Quantity  of  Matter  in  tJie  Sun  and  PUmeis. 

Since  it  appears  that  tlie  mutual  tendency  which  we 
have  called  Gravitation  is  competent  to  every  particle  of 
matter,  and  therefore  the  gravitation  of  a  particle  of  matter 
to  any  mass  whatever,  is  the  sum  or  aggregate  of  its  gra- 
vitation to  every  atom  of  matter  in  that  mass, — it  follows, 
that  the  gravitation  to  the  Sun  or  to  a  planet  is  pnqpor- 
tiooal  to  the  quantity  of  matter  in  the  Sun  or  the  planet 
As  the  gravitation  may  thus  be  computed,  when  we  know 
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the  quantity  of  matter,  so  this  may  be  computed  when  we 
know  the  gravitation  towards  it.  Hence  it  is  evident,  that 
we  em  ascertain  the  proportion  of  the  quantities  of  matter 
ID  any  two  bodies,  if  we  know  the  proportion  of  the  gravi- 
tations towaid  them. 
254.   The  tendency  toward  a  body,  of  which  wi  is  the 

quantity  of  matter,  and  d  the  distance,  is  ==  ^     It  is  this 

tendency  which  produces  deflection  from  a  straight  line, 
and  it  is  measured  by  this  deflection.  Now  this,  in  the 
case  of  the  pUnets,  is  measured  by  the  distance  at  which 
the  revolution  is  performed,  and  the  velocity  of  that  re- 
vohition.     We  found,  that  this  combination  is  express- 

ed  by  the  proportional  equation  g-  ==  — ^^  where  p  is  the 

periodic  time.     Therefore  we  have  -75==-?,    and,   conse- 

J/ 

qucntly,  m  =^ 

By  this  means  we  can  compare  the  quantity  of  matter 

in  aO  such  bodies  as  have  others  revolving  round  them. 

Thus,  we  may  compare  the  Sun  with  the  Earth,  by  com- 

panngthe  Moon^s  gravitation  to  the  Earth  with  the  Earth's 

gravitauon  to  the  Sun.     It  will  be  convenient  to  consider 

the  Earth  as  the  unit  in  this  comparison  with  the  other 

bodies  of  the  system. 

The  Sun's  distance  m  miles  is         -  93726900 

The  Moon's  distance  -  -  S40144 

The  Earth's  revolution  (sidereal)  days  365,^ 

The  Moon's  sidereal  revolution  (days)    -        27,822 

^      .      98726900^  x«7,S^'      ^^..^ 
^^•"^^    «40144^  X  865,25^   =  ^^^^^^ 
But  this  must  be  increased  by  about  -^y  because  the  gravi. 
tation  to  the  Earth  is  stated  beyond  its  real  value,  by  the 
suppoation,  that  the  revolution  of  the  Moon  is  performed 
round  the  centre  of  the  Earthy  whereas  it  is  really  per- 
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rouiid  thor  oomnioii  centre.  Thus  increaMd, 
the  Sun^s  quantity  of  matter  may  be  estimated  at  33748i 
times  that  of  this  Earth. 

It  must  be  observed,  that  this  computation  is  noidtnrj 
great  accuracy.  It  depends  on  the  distance  of  the  San; 
and  any  mistake  in  this  is  accompanied  by  a  similar  nus- 
take,  but  in  a  triplicate  proportion.'  Now  our  estimation 
of  the  Sun^s  distance  depends  entirely  on  the  Sun^s  hori- 
zontal parallax,  as  measured  'by  means  of  the  trannts  of 
Venus.  The  error  of  ^^  of  a  second  in  this  parallax  (which 
is  only  about  S",?  or  8'',8)  will  induce  an  error  of  y'j  of 
the  whole. 

In  like  manner,  we  compare  Jupiter  with  the  Earth,  by 
comparing  the  gravitation  of  the  firgt  satellite  with  that  of 
the  Moon.  This  makes  Jupiter  about  313  times  more 
massive  than  the  Earth. 

The  quantity  of  matter  in  Saturn  deduced  from  the  re- 
volution of  his  second  Cassinian  satellite,  is  about  103  times 
that  of  the  Earth. 

Herschel's  planet  contains  about  17  times  as  much  mat- 
ter as  our  globe,  as  we  learn  by  the  revolution  of  its  fint 
satellite. 

We  have  no  such  means  for  obtwiing  a  knowledge  of 
the  quantity  of  matter  in  Venus,  Mars,  or  Mercufy. 
These  are  thereibre  only  guessed  at,  by  means  of  certain 
physical  considerations  which  afford  some  data  for  an  ep- 
nion.  Venus  is  thought  to  be  about  Jg  of  the  EarA, 
Mars  about  ^,  and  Mercury  about  -jV*  But  these  are  veiy 
vague  guesses.  We  judge  of  the  Moon^s  quantity  of  mat- 
ter with  some  more  confidence,  by  comparing  the  influence 
of  the  Sun  and  Moon  on  the  tides,  and  on  the  precession 
of  the  equinoxes.  The  Moon  is  supposed  about  «^jj  of  the 
Earth. 

From  this  comparison  it  will  appear^  that  the  Sun  eon- 
tains  nearly  800  times  as  much  matter  as  all  the  planets 
oomUned  into  one  mass.    Therefore  the  gravitation  to  the 
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Bun  BO  aracii  ezoeeds  ihat  of  any  one  planet  to  another, 
that  tfadr  mutual  duturbanoes  are  but  inconsiderable. 

SfiSL  The  proportion  of  the  quantities  of  matter,  dis« 
cofmd  hy  this  process  of  reasoning,  is  very  different  fnrni 
what  we  should  have  deduced  firom  the  observed  bulk  of 
the  £ffiexent  hodfiet.  Thus,  Satunfs  diameter  being  about 
ten  times  that  of  the  Earth,  we  should  have  inferred,  that 
he  cootained  a  thousand  times  as  much  matter,  whereas 
he  contains  only  about  103  or  104.  We  must  therefore 
conrhidp,  that  the  denaties  of  the  Sun  and  planets  are  very 
difforat  Sull  taking  the  Earth  as  the  unit  of  the  scale, 
and  combining  the  ratios  of  the  bulks  and  the  quantities  pf 
natter,  we  may  say,  that  the  density  of 

The  Sun  is  .-  -  0,2d 

Venus  ...        1,27 

£snh  ...  1 

Mars        ....        0,78 
Jupiter  ...  0,S9S 

Saturn      ...  .        0,184 

Gcorg^  Planet         -  *  0,1212 

It  i^ipean,  by  this  statement,  that  the  density  of  the 
pfameCs  is  kss,  as  they  are  more  remote  from  the  centre  of 
levolutkML  Herschel's  planet  is  an  exoepticm ;  but  a  small 
change  on  his  apparent  diameter,  not  exceeding  half  a  8e« 
oond,  will  perfectly  reconole  them. 

256L  Kmming  the  quantity  of  matter,  and  the  diameter 

of  the  bodies  of  the  system,  we  can  eaoly  tell  the  acoele- 

tative  force  of  gravity  acting  on  a  body  at  their  surfaces 

Ij  article  465,  that  is,  what  velocity  gravity  will  generate 

■  a  second  of  time,  or  how  far  a  body  will  fall  in  a  second. 

In  like  manner,  we  can  tell  the  pressure  occasioned  by  the 

wi^bt  or  heaviness  of  a  body,  as  this  may  be  measured  by 

die  scale  of  a  spring  steelyard,  graduated  by  additions  of 

equal  known  pressures.     It  cannot  be  measured  by  a  bat- 

iDoe,  which  only  compares  one  mass  of  equally  heavy  mat- 

tcr  with  another. 


451  feet 

S8,2 

16,09 

1 

41,64 

2,6 

14,4 

0,89 

18,7 

1,16 

las  mrsxcAL  ABTUMoiar. 

Thus,  the  space  fallen  through,  and  the  apparent  we%fat 
of  a  lump  of  matter,  by  a  spring  steelyard,  will  be 

FaUtnl".     Weight. 

At  the  surface  of  the  Sun 

Earth 
Ju{nter     - 
Saturn 
Herschel 

tffihe  Muiual  Disturbances  qfihe  Planetary  MotiafU. 

257.  The  questions  which  occur  in  this  department  of 
the  study  are  generally  of  the  most  delicate  nature,  and 
require  the  most  scrupulous  attention  to  a  variety  of  cir- 
.  cumstances.     It  is  not  enough  to  know  the  direction  and 
intensity  of  the  disturbing  force  in  every  point  of  the  pla- 
ners motion.    We  must  be  able  to  collect  into  one  aggre- 
gate the  minute  and  almost  imperceptible  dianges  that 
have  accumulated  through  perhaps  a  long  tract  of  time, 
during  which  the  forces  are  continually  changing,  both  in 
direction  and  in  intensity,  and  are  frequently  combined 
with  other  forces.     This  requires  the  constant  employment 
of  the  inverse  method  of  fluxions,  which  is  by  far  the  most 
difficult  department  of  the  higher  geometry,  and  is  still  in 
an  imperfect  state.     These  problems  have  been  exclusively 
the  employment  of  the  most  eminent  mathematicians  of 
Europe,  the  only  persons  who  are  in  a  condiUon  to  improve 
the  Newtonian  philosophy  ;  and  the  result  of  their  labours 
has  shewn,  in  the  clearest  manner,  its  supreme  excellence, 
and  total  dissimilitude  to  all  the  physical  theories  which 
have  occupied  the  attention  of  philosophers  before  the  days 
of  the  admired  inveittor.     For  the  seeming  anomalies  that 
are  observed  in  the  solar  system  are,  all  of  them,  the  con- 
sequences of  the  universal  operation  of  one  simple  force, 
without  the  interference  of  any  other,  and  are  all  suscepti- 
ble of  the  most  precise  measurement  and  comparison  with 
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obsenration ;  so  that  what  we  choose  to  call  anomalies,  ir- 
regukrides,  and  disturbances,  are  as  much  the  result  of 
thegmend  pervading  principle  as  the  elliptical  motions, 
of  vhieh  they  are  regarded  as  the  disturbances. 

It  is  in  this  part  of  the  study,  also,  in  which  the  pene- 
tncdng  and  inventive  genius  of  Newton  appears  most  con- 
spicuously. The  first  law  of  Kepler,  the  equable  descrip- 
tion of  areas,  led  the  way  to  all  the  rest,  and  made  die  de- 
tection o(  the  law  of  planetary  force  a  much  easier  task. 
But  the  most  discriminating  attention  was  necessary  for  se- 
parating from  each  other  the  deviations  from  simple  ellip- 
dcal  motion  which  result  from  the  mutual  gravitation  (^ 
die  planets,  and  a  consummate  knowledge  of  dynamics  for 
computing  and  summing  up  all  those  deviations.  The 
tdence  was  yet  to  create ;  and  it  is  chiefly  to  this  that  the 
first  book  of  Newton^s  great  work  is  dedicated.  He  has 
given  the  most  beautiful  specimen  of  the  investigation  in 
his  theory  of  the  lunar  inequalities.  To  every  one  who 
has  acquired  a  just  taste  in  mathematical  composition,  that 
theory  will  be  considered  as  one  of  the  most  el^ant  and 
fUasing  performances  ever  exhibited  to  the  public.  It  is 
true,  that  it  is  but  a  commencement  of  a  most  delicate  and 
diSciilt  investigation,  which  has  been  carried  to  successive 
degrees  of  mudi  greater  improvement,  by  the  unceasing  la» 
hours  of  the  first  mathematicians.  But  in  Newton's  work 
are  to  be  found  aU  the  helps  for  the  prosecution  of  it,  and 
the  fint  application  of  his  new  geometry,  contrived  on  pur- 
poae ;  and  all  the  steps  of  the  process,  and  the  methods  of 
pcooeeddng,  are  pointed  out — all  of  Ncwton^s  invention, 
JIM  maihenjhcem  prceferente. 

It  must  be  farther  remarked,  that  the  knowledge  of  the 
anomalies  of  the  planetary  motions  is  of  the  greatest  im- 
portance. Without  a  very  advanced  state  of  it,  it  would 
have  been  impossible  to  construct  accurate  tables  of  the 
hmar  motions.  But  by  the  application  of  this  theory, 
Mayer  has  constructed  tables  so  accurate,  that,  by  observ- 
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log  the  distance  of  the  Moon  from  a  properly  selected  ^tUf 
the  longritude  may  be  found  at  sea  with  an  exactness  qoile 
suffident  for  navigation.  This  method  is  now  umvenJSj 
practised  on  board  of  our  East  India  ships.  This  reqiurei 
such  accurate  theory  and  tables  of  the  Moon^s  motion^  thit 
we  must  at  all  times  be  able  to  determine  her  jiaee  within 
the  90th  part  of  her  own  diameter.  Yet  the  Moon  is  sub- 
ject to  more  anomalies  than  any  other  body  in  the  sohr 
system. 

But  the  study  is  no  less  valuable  to  the  speculative  phi- 
losopher. Few  things  are  more  pleasing  than  the  heag 
able  to  trace  order  and  harmony  in  the  midst  of  secBMBg 
confusion  and  derangement.  No  where,  in  the  wide  mage 
of  speculation,  is  order  more  completely  effected.  Ail  Ae 
seeming  disorder  terminates  in  the  detection  of  a  class  of 
subordinate  motions,  which  have  regular  periods  6tn^ 
crease  and  diminution,  never  arising  to  a  magnitude  thst 
makes  any  considerable  change  in  the  simple  ellipticsl  mo- 
tions ;  so  that,  finally,  the  solar  system  seems  calculated 
for  almost  eternal  duration,  without  sustaining  any  defla- 
tion from  its  present  state  that  will  be  perceived  by  any 
besides  astronomers.  The  display  of  wisdom,  in  the  se- 
lection of  this  law  of  mutual  action,  and  in  accommodating; 
it  to  the  various  circumstances  which  contribute  to  this 
duration  and  constancy,  is  surely  one  of  the  most  engagii^ 
objects  that  can  attract  the  attention  of  mankind. 

In  this  elementary  course  of  instruction,  we  cannot  give 
a  detail  of  the  mutual  disturbances  of  the  planetary  mo- 
tions. Yet  there  are  points,  both  in  respect  of  doctrine 
and  of  method,  which  may  be  called  elementary,  in  rela- 
tion to  this  particular  subject.  It  is  proper  to  consider 
these  with  some  attention. 

S58.  The  regularity  of  the  motions  of  a  planet  A  round 
the  Sun  would  not  be  disturbed  by  the  gravitation  of  both 
to  another  planet  B,  if  the  Sun  and  the  planet  A  gravitate 
to  B  with  equal  force,  and  in  the  same  or  in  a  parallel  cB- 

7 


DISTtrmiAVCB  OF  THE  PLANETARY  MOTIONS.         161 


The  disturbance  arises  entirely  from  the  ine- 
qoafity  and  the  obliquity  of  the  gravitations  of  the  Sun 
and  of  the  planet  A  to  B.  The  manner  in  which  these 
disturbanoes  may  be  considered^  and  the  grounds  of  com- 
putatioQ,  will  be  more  clearly  understood  by  an  example. 

Let  S  (Fig.  27.)  represent  the  Sun,  £  the  Earth,  and 
J  the  planet  Jupiter.  Let  it  be  farther  supposed  (which 
nucy  be  done  without  any  great  error)  that  the  Earth  and 
Jupiter  describe  concentric  circles  round  the  Sun,  and  that 
the  Sun  contains  1000  times  as  much  matter  as  Jupiter. 
Hake  JS  to  £A  as  the  square  of  E  J  to  the  square  of  S  J. 
Then,  if  we  take  S  J  to  represent  the  gravitation  of  the 
Sun  to  Jupiter,  it  is  plain  that  E  A  will  represent  the  gra- 
vitation of  the  Earth,  placed  in  E,  to  Jupiter.  Draw  EB, 
parallel  and  equal  to  J  S,  and  complete  the  parallelogram 
EBAD.  The  force  with  which  Jupiter  deranges  the 
moCkm  of  the  Earth  round  the  Sun  will  be  represented  by 
ED. 

For  the  force  E  A  is  equivalent  to  the  combined  forces 
£  B  and  £  D.  But  if  the  Sun  and  Earth  were  impelled 
only  by  the  equal  and  parallel  forces  S  J  and  E  B  acting 
on  every  particle  of  each,  it  is  plain,  that  tlicir  relative  mo- 
tions would  not  be  affected  (98.)  It  is  only  by  the  impul- 
aon  arinng  from  the  force  E  D,  that  their  relative  situa- 
tions will  sustain  any  derangement. 

259.  This  derangement  is  of  two  kinds,  affecting  either 
the  gravitation  of  tlie  Earth  to  the  Sun,  or  her  angular 
motion  round  him.  Let  E  D  be  considered  as  the  diag- 
onal of  a  rectangle  E  F  D  6,  EG  lying  in  the  direction  of 
the  radius  S  E,  and  £  F  being  in  the  direction  of  the  tan- 
gent to  the  Earth's  orbit.  It  is  plain  that  the  force  £  G 
affects  the  Earth^s  gravitation  to  the  Sun,  while  EF  affects 
the  motion  round  him.  As  EG  is  in  the  direction  of  the 
radius,  it  has  no  tendency  to  accelerate  or  retard  her  mo- 
tion round  the  Sun.  EF,  on  the  other  hand,  does  not  af- 
fect the  gravitation,  but  the  motion  in  the  curve  only. 

Vol.  III.  L 
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This  disturbing  force  ED  varies,  both  in  dyarectioa  ami 
magnitude,  by  a  variation  in  the  Earth's  position  in  rela- 
tion to  the  Sun  and  Jupter.  Thus,  in  Fig*  A,  which  ro> 
presents  the  Earth  as  ahnost  arrived  at  the  ooajunetiaB 
with  JujHter,  having  Jupiter  near  his  opposition  to  the 
SuQ)  the  force  E  6  greatly  diminishes  the  Earth's  gravita- 
tion  to  the  Sun^  and  the  force  E  F  accelerates  her  iBoCi0a 
round  him  in  the  order  of  the  letters  ,E  C  P  O  Q.  In  Fq^ 
B,  the  fcNTce  E  G  still  diminishes  the  Earth's  gravitation  t» 
the  SuU)  but  E  F  retards  her  motion  from  O  to  Q.  In 
1?ig.  C,  £  G  increases  the  Earth's  gravitation  to  the  Sun, 
and  E  F  accelerates  her  motion  round  him.  It  appean 
very  plainly,  that  the  motion  round  the  Sun  is  accelentai 
in  the  quadrants  Q  C  and  P  O,  and  is  retarded  in  the 
quadrants  C  P  and  O  Q.  Wc  may  also  see,  that  the  gra- 
vitation to  the  Sun  is  increased  in  the  neighbourhood  of 
the  points  P  and  Q,  but  is  diminished  in  the  neighbour 
hood  of  C  and  O,  and  that  there  is  an  intermediate  point 
in  each  quadrant  where  the  gravitation  suffers  no  changp^ 
The  greatest  diminution  of  the  Eardi's  gravitation  to  the 
Sun  must  be  in  C>  when  Jupiter  is  nearest  to  the  Eartht 
in  the  time  of  his  opposition  to  the  Sun. 

We  also  sec,  very  plainly,  how  all  these  disturbing  fbroes 
may  be  precisely  determined,  depending  on  the  proportion 
of  E I  to  ES  and  to  S  I.  Nor  is  the  construction  restrict- 
ed to  circular  orbits.  Each  orbit  is  to  be  considered  in  its 
true  figure,  and  the  parallelogram  E  G  D  F  is  not  always 
a  rectangle,  but  has  the  side  £  F  lying  in  the  direction  of 
the  tangent  But  we  believe  that  the  computation  is  found 
to  be  sufficiently  exact,  without  considering  the  parallelo* 
gram  £  G  D  F  as  oblique.  The  eccentricity  of  Jupitei^s 
orbit  must  not  be  neglected,  because  it  amounts  to  a  fourth 
part  (rf*  the  Earth's  distance  from  the  Sun. 

We  have  taken  the  Sun's  gravitation  to  Jupiter  as  the 
scale  on  which  the  disturbing  forces  are  measured;  but 
this  was  for  the  greater  facility  of  comparing  the  disturb- 
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111^  fbroes  with  each  other.  But  they  must  be  compared 
with  the  Earth^s  gravitation  to  the  Sun,  in  order  to  Icam 
tbcjr  eSect  on  her  motions.  It  will  be  exact  enough  for 
the  present  purpose,  of  merely  explaining  the  method,  to 
suppose  Jupiter^s  mean  distance  .five  times  the  Earth^s 
from  the  Sun,  and  that  the  quantity  of  matter  in  the  Sun 
18  1000  times  that  of  Jupiter.  Therefore  the  Earth's  gra- 
vitation to  the  Sun  must  be  25000  times  greater  than  to  Ju- 
piter, whoi  the  Earth  is  about  P  or  Q.  When  the  Earth 
is  at  C,  her  gravitation  to  Jupiter  is  increased  in  the  pro- 
portion of  4*  to  S',  and  it  is  now  y^i^^j  of  her  gravitation 
to  the  Sun.  When  the  Earth  is  in  O,  her  gravitation  to 
Jnpiteris  5790^  of  her  gravitation  to  the  Sun. 

Bat  we  are  not  to  imagine,  that  when  the  Earth  is  at 
C,  her  motion  relative  to  the  Sun  is  affected  in  the  same 
manner  as  if  y^J^^  of  her  gravitation  were  taken  away. 
For  we  must  recdlect,  that  the  Sun  also  gravitates  to  Ju- 
piter, or  is  deflected  toward  him,  and  therefore  toward  the 
Etttii  at  C.  The  diminution  of  the  relative  gravitation  of 
the  Eardi  is  not  to  be  measured  by  E  A,  but  by  EG.  All 
tbedisturimig  forces,  EG  and  EF,  corresponding  to  every 
position  of  the  Earth  and  Jupiter,  must  be  considered  as 
fractiuna  of  S  J,  the  measure  taken  for  the  mean  gravita- 
tion  to  Jnpiter.  This  is  jy  J 55  of  the  Earth's  gravitation 
to  the  Sun. 

Measuring  in  this  way,  we  shall  find,  that  when  the 
Earth  is  at  P  or  Q,  her  gravitation  to  the  Sun  is  increased 
by  ijj*55o.  For  P  S  or  Q  S  will,  in  this  case,  come  in 
the  place  of  EG  in  Fig.  C,  and  there  will  be  no  such  force 
as  EF.    At  C,  the  Earth's  gravitation  is  diminished  ^^Jit, 

ndat  O,  jjiisv- 

To  be  able  to  ascertain  the  magnitude  of  the  disturbing 
feree  in  the  different  situations  of  the  Earth,  is  but  a  very 
amail  part  of  the  task.  It  only  gives  us  the  momentary 
impulsion.  We  must  ascertain  the  accumulated  effect  of 
the  action  during  a  certiun  time,  or  along  a  certain  portion 
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of  the  orbit  of  the  disturbed  planet.  This  is  the  celebrated 
problem  of  three  bodies,  as  it  is  called,  which  has  employed 
the  utmost  efforts  of  the  great  mathematicians  ever  ^noe 
the  lime  that  it  first  appeared  in  Newton'^s  lunar  theory. 
It  can  only  be  solved  by  approximation ;  and  even  this 
solution,  except  in  some  very  particular  cases,  is  of  the  ut^ 
most  difficulty,  which  shews,  by  the  way,  the  folly  of  all 
who  pretend  to  explain  the  motions  of  the  planets  by  the 
impulsions  of  fluids,  when  not  three,  but  millions  of  par- 
ticles arc  acting  at  once. 

We  have  to  ascerUun,  in  the  first  place,  the  accumu- 
lated effect  of  the  acceleration  and  retardation  of  the  angu- 
lar motion  of  the  Earth  round  the  Sun.  The  general  pro- 
cess is  one  of  the  two  following. 

1j?/,  Suppose  it  required  to  determine  how  far  the  at- 
traction of  Jupiter  has  made  the  Earth  overpass  the  qua- 
drantal  arch  Q  C  of  her  annual  orbit.  The  arch  is  sup- 
posed to  be  unfolded  into  a  straight  line,  and  divided  into 
minute  portions,  described  in  equal  times.  At  each  point 
of  division  is  erected  a  j^erpendicular  ordinate,  equal  to  the 
accelerating  disturbing  force  E?  corresponding  to  that 
point.  A  curve  line  is  drawn  through  the  extremities  of 
those  ordinates.  The  unfolded  arch  being  considered  as 
the  rejiresentation  of  the  time,  and  the  ordinates  as  the  ac- 
celerating forces,  it  is  plain  that  the  area  will  represent  the 
acquired  velocity.  Now,  let  another  figure  be  constructed 
having  an  abscissa  to  represent  the  time  of  tlie  motion. 
But  the  ordinates  must  now  be  made  proportional  to  the 
areas  of  the  last  figure.  It  is  plain,  from  a  former  article, 
that  the  area  of  this  new  figure  will  represent,  or  be 
proportional  to  the  spaces  described,  in  consequence  of  the 
action  of  die  disturbing  force ;  and  therefore  it  will  ex- 
press, nearly,  the  addition  to  the  space  described  by  the 
undisturbed  planet,  or  the  diminution,  if  the  accelerations 
have  lieen  exceeded  by  the  retardations. 

The  other  method  is,  to  make  the  unfolded  arch  the 
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space  dGScribed,  and  the  ordinatcs  the  accelerations,  as  be- 
fore.   The  area  now  represents  the  augmentation  of  the 
square  of  the   velocity.     'A  second  figure  is   now   con- 
structed, having  the  same  abscissa  now  representing  the  time. 
The  ordinates  are  made  proportional  to  the  square  roots  of 
the  areas  of  the  first  figure,  and  they  will  therefore  represent 
the  velocities.     The  areas  of  this  new  figure  will  represcfnt 
the  spaces,  as  in  the  first  process,  to  be  added  to  the  arch 
described  by  the  undisturbed  planet,  or  subtracteil  from  it. 
2G0,  All  this  being  a  task  of  the  utmost  labour  and  dif- 
ficulty, the  ingenuity  of  the  mathematicians  has  been  ex- 
ercised in  facilitating  the  process.     The  penetrating  eye  of 
Newton  perceived  a  path  which  seemed  to  lead  directly  to 
the  desired  point.     All  the  lines  which  represent  the  dis- 
turbing forocs  are  lines  connected  with  circular  arches,  and 
tberefbre  with  the  circular  motion  of  the  planet.      The 
main  disturbing  force  £  D  is  a  function  of  the  angle  of 
commutation  C  S  E,  and  E  F  and  £  G  arc  the  sine  and 
codne  of  the  angle  D  E  G.     Newton,  in  his  lunar  theory, 
lias  given  most  elegant  examples  of  the  summation  of  all 
the  successive  lines  £  F  that  are  drawn  to  every  jioint  of 
the  arch.     Sometimes  he  finds  the  sums  or  accumulated 
actions  of  the  forces  expressed  by  the  sine  of  an  arcii ; 
sometimes  by  the  tangent ;  by  a  segment  of  the  circular 
area,  &a  &c.   &c.     Euler,   D'Alembcrt,    De  la  Grange, 
Simpson,  and  other  illustrious  cultivators  of  this  philoso- 
jAy,  have  immensely  improved  the  methods  pointed  out 
and  exemplified  by  Newton,  and,  by  more  convenient  re- 
presentations of  the  forces  than  this  elementary  view  will 
admit,  have  at  last  made  the  whole  process  tolerably  easy 
and  pkdn.     But  it  is  still  only  fit  for  adepts  in  the  art  of 
symbolical  analysis.     Their  processes  arc  in  general  so  re- 
amdite  and  abstruse,  that  the  analyst  loses  all  conception, 
either  of  motions  or  of  forces,  and  his  mind  is  altogether 
occupied  with  the  symbols  of  mathematical  reasoning. 
261.  The  second  part  of  the  task,  the  ascertaining  the 
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accumulated  effect  of  the  force  E  G,  is,  in  general,  much 
more  difficult.  It  includes  both  the  changes  made  on  the 
radius  vector  S  E,  and  the  change  made  in  the  curvature 
of  the  orbit.  The  department  of  mathematical  science^ 
immediately  subservient  to  this  purpose,  is  in  a  more  im- 
perfect state  than  the  quadrature  of  curves.  The  proceflB 
is  carried  on  almost  entirely  by  means  of  converging  se> 
rieses.  We  cannot  add  any  thing  here  that  tends  to  make 
it  plainer.  The  lunar  theory  of  Newton,  with  the  com- 
mentary of  Le  Seur  and  Jacquier,  commonly  called  the 
Jesuits*  Commentary^  p\es  very  good  examples  of  the  m^ 
thods  which  must  be  followed  in  this  process.  We  must 
refer  to  the  works  of  Euler,  Clairaut,  Simpson,  and  De  la 
Place,  on  the  perturbations  of  Jupiter  and  Saturn,  &c.  and 
content  ourselves  with  merely  pointing  out  some  of  the 
more  general  and  obvious  consec^uences  of  this  mutual  ac- 
tion of  the  planets.  La  Lande  has  ^ven  in  his  astronomy 
a  very  good  synopsis  of  the  most  approved  method.  In 
the  TractSy  Physical  and  AiatJiematicaly  by  Dr  Matthew 
Stewart,  and  in  his  Essay  on  the  Distance  of  the  Sun,  aie 
some  beautiful  specimens  of  the  geometrical  solutions  of 
these  problems. 

262.  When  we  consider  the  motion  of  an  inferior  pla- 
net, disturbed  by  its  gravitation  to  a  superior  planet,  we 
see  that  the  inferior  planet  is  retarded  in  the  quadrants 
C  P  and  O  Q,  and  accelerated  in  the  quadrants  P  O  and 
Q  C  of  its  synodical  period.  Its  orbit  is  more  incurvated 
in  the  vicinity  of  die  points  P  and  Q,  and  its  curvature  is 
diminished  in  the  vicinity  of  the  points  O  and  C,  and  most 
of  all  in  the  vicinity  of  C  in  the  line  of  conjunction  with 
the  superior  planet  Therefore,  if  the  aphelion  and  peri- 
helion of  the  inferior  planet  should  chance  to  be  near  the 
line  J C  SO  of  the  synodical  motion,  these  points  will  seem 
to  shift  forwald.  For,  the  gravitation  of  the  inferior  pla- 
net to  the  Sun  being  diminished,  it  will  not  be  able  so  soon 

bend  its  path  to  a  right  angle  with  the  radius  vectiH'* 
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Od  die  ottfer  hand,  diould  the  apeidcs  of  the  inferior  orbit 
be  Deir  the  line  P  SQ,  the  increase  of  the  inferior  planet'^s 
gnnitBtian  to  the  Son  must  sooner  produce  this  effect,  and 
k  will  arrive  sooner  at  its  aphelion  or  perihelion,  or  those 
pointa  will  aeem  to  oome  westward  and  to  meet  it.  And 
thus,  in  every  synod&cal  revolution,  the  apsides  of  the  inferior 
planet  will  twice  advance  and  twice  retreat,  as  if  the  ellipi- 
tical  orbit  shifted  a  little  to  the  eastward  or  westward.  But 
as  the  diminution  of  the  inferior  planef  s  gravitation  to  the 
San  is  mudi  greator  when  it  is  in  the  line  C  S  O  than  the 
augmentation  of  it  when  in  the  line  P  S  Q,  the  advances 
of  the  iqpsides,  in  the  course  of  a  synodical  period,  will  ex- 
ceed the  retreats,  and,  on  tlie  whole,  tliey  will  advance. 

All  these  derangements,  or  deviations  from  the  simple 

dlipdcal  motion,  are  distinctly  observed  in  the  heavens ; 

and  the  cticulated  effect  on  each  planet  corresponds  with 

what  is  observed,  with  all  the  precision  that  can  be  wished 

ftr.     It  is  evident  that  this  calculation  must  be  extremely 

rompBcated,  and  that  the  effect  depends  not  only  on  the 

lespecdve  pontions,  but  also  on  the  quantities  of  matter  of 

the  different  planets.     For  these  reasons,  as  Jupiter  and 

Saturn  are  much  larger  than  any  of  the  other  planets, 

lomahes  are  chiefly  owing  to  these  two  planets.    The 

of  aU  the  planets  are  observed  to  advance,  except 

Venus.    It  might  be  imagined,  that  the  vast  number  of 

cometi^  wliich  arc  almost  constantly  without  the  orbits  of 

the  planets,  would  cause  a  general  advance  of  all  the  ap- 

aidesL     But  these  bodies  are  so  far  off,  and  probably  con- 

tm  80  little  matter,  that  their  action  is  insensible. 

263.  The  alternate  accelerations  and  retardations  of  the 
planets  Mercury,  Venus,  the  Earth,  and  Mars,  in  conse- 
qoenoe  of  their  mutual  gravitations,  and  their  gravitations 
to  Jupter,  nearly  compensate  each  other  in  every  revolu- 
tion ;  and  no  effects  of  them  remain  after  a  long  tract  of 
time,  except  an  advance  of  their  apsides.  But  there  are 
peculiarities  in  the  orUts  of  Jupiter  and  Satuni,  which  oc- 
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casion  very  sen^ble  accumulations,  and  have  ^ven  con- 
siderable trouble  to  the  astronomers  in  discovering  their 
causes.  The  period  of  Saturn's  revolution  round  the  Sun 
increases  very  sensibly,  each  being  about  7  hours  longer 
than  the  preceding.  On  the  contrary,  the  period  of  Ju- 
piter is  observed  to  diminish  about  half  as  much,  that  ifl^ 
about  1^  hours  in  each  revolution. 

This  is  owing  to  the  particular  poution  of  the  apheBoBi 
of  those  two  planets.  Let  ABPC  (Fig.  ^.)  be  the  ellip- 
tical  orbit  of  Jupiter,  A  bdng  the  aphelion,  and  P  the  pe- 
rihelion. Suppose  the  orbit  abpc  of  Saturn  to  be  a  cir- 
cle, having  the  Sun  S  in  the  centre,  and  let  Saturn  be 
supposed  to  be  in  a.  Then,  because  Jupiter  employs 
more  time  (about  140  days)  in  moving  from  A  to  C  thaa 
in  moving  from  C  to  P,  he  must  retard  the  motion  of  Sik 
turn  more  than  he  accelerates  him,  and  Jupiter  must  be 
more  accelerated  by  Saturn  than  he  is  retarded.  The 
contrary  must  happen  if  Saturn  be  in  the  opposite  part  p 
of  his  orbit.  After  a  tract  of  some  revolutions,  all  must 
be  compensated,  because  there  will  be  as  many  oppositioDi 
of  Saturn  to  the  Sun  on  one  side  of  the  transverse  diame- 
ter of  Jupiter's  orbit  as  on  tlie  other. 

But  if  the  orbit  of  Saturn  be  an  ellipse,  as  in  Fig.  S8, 
B,  and  if  the  aphelion  a  be  90  degrees  more  advanced  in 
the  order  of  the  agns  than  the  aphelion  A  of  Jupiter,  it » 
plain  that  there  will  be  more  oppositions  of  Saturn  while 
Jupiter  is' moving  over  the  semiellipse  A  C  P,  than  whik 
he  moves  over  the  semiellipse  P  B  A,  for  Saturn  is  about 
400  days  longer  in  the  portion  6  a  c  of  his  orbit ;  and  there- 
fore Saturn  will,  on  the  whole,  be  retarded,  and  Jupiter 
accelerated. 

Now,  it  is  a  fact,  that  the  aphelion  of  Saturn  is  70  de- 
grees more  advanced  on  the  ecliptic  than  that  of  Jupiter. 
Therefore  these  changes  must  happen,  and  the  retarda- 
tions of  Saturn  must  exceed  the  accelerations.  They  do 
so,  nearly  in  the  proportion  of  353  to  355^     This  excess 
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-will  coatjnu  for  about  9000  yean,  when  the  angle  A8p 
will  be  dO  d^rees  complete.  It  will  then  begin  to  d^ 
create,  and  will  condnue  decreasing  for  16000  yean,  after 
which  Saturn  will  be  accelerated,  and  Jupter  will  be  re- 
tarded. The  present  retardation  of  Saturn  is  about  V, 
or  a  day's  motion,  in  a  century,  and  the  ooncomitaot  acce- 
leration of  Jupiter  is  about  half  as  much.  (Sec  Man. 
Acad.  Par.  1746.) 

M.  de  la  Place  has  happily  succeeded  in  accounting  for 
several  irregularities  in  this  gradual  change  uf  the  mean 
motions  of  these  two  planets,  which  had  considernhly  per- 
[dexed  the  astronomers  in  their  attempts  to  ascertain  their 
periods  and  their  maximum  by  mere  observation.  These 
were  accompanied  by  an  evident  change  in  the  elliptical 
equations  of  the  orbit,  indicating  a  change  of  eccentricity. 
M.  de  la  Place  has  shewn,  that  all  arc  precise  consequences 
of  universal  gravitation,  and  depend  on  the  near  equality 
of  five  times  the  angular  motion  of  Sntum  to  twice  that  of 
Jupiter,  while  the  deviation  from  per/ict  equality  of  (hose 
two  motions  introduces  a  variation  in  these  irregularities, 
which  has  a  very  long  peritxi  (about  877  years).  He  has 
at  last  given  an  equation,  which  expresses  the  moUons  with 
such  accuracy,  that  the  calculated  place  agrees  with  the 
modem  observations,  and  with  the  most  ancient,  without 
an  error  exceeding  g'.     (See  Mem.  Acad.  Par.  178fi.) 

S64.  In  consequence  of  the  mutual  gravitation  of  the 
planets,  the  node  of  the  disturbed  planet  retreats  on  tlic 
ortnt  of  the  disturlnng  planet  Thus,  let  E  K  (Fig.  %9.) 
be  the  plane  of  tlie  disturbing  planet's  orbit,  and  let  A  B 
be  the  path  of  the  other  planet,  approaching  to  the  node  N. 
As  the  disturbing  planet  is  somewhere  in  the  plane  £  K, 
its  attraction  for  A  tends  to  make  A  approach  that  plane. 
We  may  suppose  the  oblique  attraction  resolved  into  two 
ftffces,  one  of  which  is  parallel  to  E  K,  and  the  other  per- 
pendicular to  it.  Let  this  last  be  such  that,  in  the  time  thtt 
the  planet  A,  if  not  disturbed,  would  move  from  A  to  ^^ 
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the  perpendicular  force  would  cause  it  to  describe  thesadl 
apace  A  C.  By  the  combined  action  of  this  Ibroe  AC  viA 
the  motiott  A  B,  the  planet  describes  the  diagonal  AD^ 
and  croases  the  pkne  £K  in  the  point  n.  Thus  the  node 
has  shifted  from  N  to  n,  in  a  direction  contrary  to  thst  sf 
the  planet's  motion.  The  {danet  now  proceeds  in  the  iisf 
jio,  getting  to  the  other  ade  of  the  plane  £  K.  Theit- 
traction  of  the  disturbing  planet  now  becomes  obhqae  i^^ 
to  the  plane,  and  is  partly  employed  in  drawing  A  (now  in 
a)  toward  the  plane.  Let  this  part  of  the  attractm  be 
again  represented  by  a  small  space  a  c.  This,  compouaded 
with  the  progressive  motion  a  6,  produces  a  motion  in  tk 
diagonal  a  d,  as  if  the  planet  had  come,  not  from  «,  but 
from  N',  a  point  still  more  to  the  westward.  The  node 
seems  again  to  have  shifted  in  aniecedentid  ^rigmonmu 
And  thus  it  appears  that,  both  in  approaching  the  nodci 
and  in  quitting  the  node,  the  node  itself  shifts  its  {dace^  m 
a  direction  contrary  to  that  of  the  motion  of  the  disturbed 
planet. 

It  is  farther  observable,  that  the  inclination  of  the  dis* 
turbed  orbit  increases  while  the  planet  approadies  the  node^ 
and  diminishes  during  the  subsequent  recess  from  it.  The 
original  inclination  A  N  £  becomes  A  n  £,  which  bgreater 
than  AN£.  The  angle  AnB  or  an K  is  afterwards 
changed  into  aN'K,  which  is  less  than  an  K. 

In  this  manner  we  perceive  that  when  a  (Janet,  having 
crossed  the  ediptic,  proceeds  on  the  other  ade  of  it,  the  node 
recedes,  that  is,  the  planet  moves  as  if  it  had  come  from  a 
node  situated  farther  west  on  the  ecliptic;  and  all  the 
while,  the  indination  of  the  orbit  to  the  ecliptic  is  diminisk- 
ii^.  When  the  planet  has  got  90^  eastward  from  te 
node  vdiich  it  quitted,  it  is  at  the  greatest  distance  from  the 
ediptic,  and,  in  its  fiEurther  progress,  it  approaches  the  ofv 
ponte  node.  Its  path  now  bends  more  and  more  tomard 
the  ecliptic,  and  the  ind'mation  of  its  orbit  to  the  ediptic 
uiciicases,  and  it  crosses  the  ediptic  again,  in  a  point  ooo- 
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aderaUy  to  the  westward  of  the  point  where  it  crossed  it 
before. 

Tbeeoosfeq^vtBDceot  this  modification  of  the  mutual  action 
of  the  planets  is,  that  the  nodes  of  all  their  orbits  in  the 
eefipdc  recede  on  the  ecliptic,  except  the  node  of  Jupiter^s 
flrUt  J  J  (Fig.  30.),  which  advances  on  the  ecliptic  £  K, 
by  retreating  on  the  orbit  S  S  of  Saturn,  from  which  Ju- 
piter suflers  the  greatest  disturbance.* 

265.  We  have  hitherto  considered  the  ecliptic  as  a  perma- 
nent circle  of  the  heavens.  But  it  now  appears  that  the  Earth 
must  be  attracted  out  of  that  plane  by  the  other  planets. 
As  we  refer  every  phenomenon  to  the  ecliptic  by  its  lati- 
tude and  longitude  in  relation  to  the  apparent  path  of  the 
Sun,  it  is  plain  that  this  deviation  of  the  Sun  from  a  fixed 
plane,  must  change  the  latitude  of  all  the  stars.  The  change 
is  so  very  small,  however,  that  it  never  would  have  been 
perceived,  had  it  not  been  pointed  out  to  the  astronomers 
by  NewUHi,  as  necessarily  following  from  the  universal  gra- 
vitation of  matter.  The  ecliptic  (or  rather  the  Sun's  path) 
has  a  small  irr^;ular  motion  round  two  pcnnts  situated 
about  7^  degrees  westward  from  our  equinoctial  points. 

266.  The  comets  appear  to  be  very  greatly  deranged  in 
thttr  motions  by  their  gravitation  to  the  planets.     The 


.  *  As  diii  motion  of  the  nodes,  and  that  of  the  apsides  formerly 
mentioned,  become  sensible  by  continual  accumulation,  and  as  they 
are  equally  susceptible  of  accurate  measure  and  comparison  as  tbe 
greater  grsTitations  which  retain  the  revolving  bodies  in  their  orbits, 
Mr  Machin,  professor  of  astronomy  at  Gresham  College,  proposed 
ihtm  as  the  fittest  phenomena  for  informing  us  of  the  distance  of  the 
Soil  Dr  Matthew  Stewart  made  a  trial  of  this  method,  employing 
duefly  the  motion  of  tbe  lunar  apogee,  and  has  deduced  a  much 
greater  distance  than  what  can  be  fairly  deduced  from  the  transit  of 
Venus.  Notwithstanding  some  oversights  in  the  summations  there 
pfcn  of  the  disturbing  forces,  the  conclusion  seems  unexceptionable, 
and  the  Sun's  distance  Ib,  in  all  probalnlity,  not  less  than  110  cr  115 
millions  of  miles. 
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Halleyan  comet  has  been  repeatedly  so  disturbed  by  passing 
near  to  Jupiter,  that  its  periods  were  very  eonnderably  al- 
tered by  this  action.    A  comet,  observed  in  1770  by  Lexel, 
Prosperin,  and  other  accurate  astronomers,  has  been  so 
much  deranged  in  its  motions,  that  its  orbit  has  been  totally 
changed.     Its  mean  distance,  period,  and  perihelion  dis- 
tance, calculated  from  good  observations,  which  had  been 
continued  during  three  months,  agreed  with  all  the  obser- 
vations within  1'  of  a  degree.     In  its  aphelion,  it  is  a  small 
matter  more  remote  than  Jupiter,  and  must  have  been  so 
near  him  in  1767  (about  ^^  of  its  distance  from  the  Sun) 
that  its  gravitation  to  Jupiter  must  have  been  thrice  as 
great  as  that  to  the  Sun.     Moreover,  in  its  revolution  fol- 
lowing tliis  appearance  in  1770,  namely,  on  the  23d  of 
August  1777,  it  must  have  come  vastly  nearer  to  Jupiter, 
and  its  gravitation  to  Jupiter  must  have  exceeded  its  gra- 
vitation to  the  Sun  more  than  200  times.     No  wonder  then 
that  it  has  been  diverted  into  quite  a  different  path,  and  that 
astronomers  cannot  tell  what  is  become  of  it.    And  tliis,  by 
the  way,  suggests  some  singular  and  momentous  reflections. 
The  number  of  the  comets  is  certainly  great,  and  their 
courses  are  unknown.     They  may  frequently  come  near 
the  planets.     The  comet  of  1 764  has  one  of  its  nodes  very 
close  to  the  Earth''s  orbit,  and  it  is  very  possible  that  the 
Earth  and  it  may  chance  to  be  in  that  part  of  their  respec- 
tive orbits  at  the  same  time.     The  effect  of  such  vidnity 
must  be  very  remarkable,  probably  producing  such  tides  as 
would  destroy  most  of  the  habitable  surface.     But,  as  its 
continuance  in  that  great  proximity  must  be  very  momen- 
tary, by  reason  of  its  great  velocity,  the  effect  may  not  be 
so  great.     When  the  comet  of  1770  was  so  near  to  Jupi- 
ter, it  was  in  apfielto^  moving  slowly,  and  therefore  may 
have  continued  some  considerable  time  there.     Yet  it  does 
not  appear  that  it  produced  any  derangement  in  the  motion 
of  his  satellites.     We  must  therefore  conclude,  that  either 
the  comet  did  not  continue  in  the  path  that  was  sup[X)sed, 
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or  that  it  contaiiied  only  a  very  small  quantity  of  matter, 
being  perhaps  little  more  than  a  dense  vapour.  Many  cir- 
cumstanees  in  the  appearance  of  comets  countenance  this 
opinioii  €£  their  nature.  As  they  retire  to  very  great  dis- 
tmoes  from  the  Sun,  and  in  that  remote  situation  move  very 
dowly,  they  may  greatly  disturb  each  other's  motion.  It 
if  therefore  a  reasonable  conjecture  of  Sir  Isaac  Newton, 
that  the  oomet  of  1680,  at  its  next  approach  to  the  Sun^ 
may  really  fall  into  him  altogether. 

Ofilie  Lunar  Inequalitks. 

267.  Of  all  the  heavenly  bodies,  the  Moon  has  attracted 
the  greatest  notice,  and  her  motions  have  been  the  most 
scrupulously  examined :  and  it  may  be  added,  that  of  them 
all  she  has  be^i  the  most  refractory.  It  is  but  within  these 
few  years  past  tliat  we  have  been  able  to  ascertain  her  mo- 
tions with  the  precision  attained  in  the  cases  of  the  other 
{Janets.  Not  that  her  apparent  path  is  contorted,  like  those 
of  Mercury  and  Venus,  running  into  loops  and  knots,  but 
because  the  orbit  is  continually  shifting  its  place  and  chang- 
ing its  form ;  and  her  real  motions  in  it  are  accelerated, 
retarded,  and  deflected,  in  a  great  variety  of  ways.  While 
the  ascertaining  the  place  of  Jupiter  or  Saturn  requires  the 
employment  of  five  or  six  equations,  the  Moon  requires  at 
least  forty  to  attain  tlie  same  exactness.  The  corrections 
introduced  by  those  equations  are  so  various,  both  in  their 
magnitude  and  in  their  periods,  and  have,  of  consequence, 
been  so  blended  and  complicated  together,  that  it  surpassed 
the  power  of  observation  to  discover  the  greatest  part  of 
them,  because  we  did  not  know  the  occasions  which  made 
them  necessary,  or  the  physical  connexion  which  they  had 
with  the  aspects  of  the  other  bodies  of  the  solar  system. 
Only  such  as  arose  to  a  conspicuous  magnitude,  and  had  an 
evident  relation  to  the  situation  of  the  Sun,  were  fished  out 
from  among  the  rest. 
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968.  From  all  this  complication  and  embarrassment  the 
discovery  of  universal  grayitatkm  has  freed  us.  We  haie 
only  to  follow  this  into  its  consequences,  as  modified  by  the 
particular  situation  of  the  Moon,  and  we  get  an  equataoo, 
which  must  be  made,  in  order  to  determine  a  deviation  fin 
simple  Optical  motion  that  muH  result  from  the  actioD  of 
the  Sun.  This  alone,  foUowed  regularly  into  all  its  oonsa- 
quences,  gives  all  the  great  equations  which  the  sagacity  of 
observers  had  discovered,  and  a  multitude  of  other  oorres- 
tions,  which  no  sagacity  could  ever  have  detected. 

Disdmus  hinc  tandem  qnk  amsk  argentea  Phoebe 
Paasibus  baud  lequis  eat^  cur  aubdita  nulli 
Hactenua  aatroDomo^  numerorum  frena  recuaat 
Obvia  conspicimus^  nubem  pollcnte  matheai. 

We  have  seen  that  since  the  Moon  accompanies  Ae 
Earth  in  its  revolution  round  the  Sun,  we  must  conclude 
that  she  is  under  the  influence  of  that  force  which  deflects 
the  Earth  into  that  revolution.  If,  in  every  instant  the 
Moon  were  impelled  by  precisely  the  same  force  which  then 
impels  the  Earth,  and  if  this  force  were  also  in  the  same  di- 
rection, the  Moon^s  motion  relative  to  the  Earth  would  not 
sustain  any  change.  She  would  describe  an  accurate 
ellipse  having  the  Earth  in  the  focus,  and  would  describe 
areas  proportional  to  the  times.  But  neither  of  these  con- 
ditions are  agreeable  to  the  real  state  of  things.  The  Moon 
is  sometimes  nearer  to  the  Sun,  and  sometimes  more  remote 
from  him  than  the  Earth  is,  and  is  therefore  more  or  len 
attracted  by  him  ;  and  though  the  distances  of  both  from 
the  Sun  are  sometimes  equal  (as  when  the  Moon  is  in  qua- 
drature) the  direction  of  her  gravitation  to  the  Sun  is  then 
coDfliderBbly  difierent  from  that  of  the  Earth's  gravitatioii 
to  him. 

These  circumstances  change  considerably  all  her  motions 
rdative  to  the  Earth.  But,  since  the  planetary  force  fol- 
lows the  precise  inverse  duplicate  ratio  of  the  distances,  we 
can  tell  what  its  intensity  is  in  every  position  of  the  Moon, 


b  what  dwectkni  it  actB,  and  what  deviation  it  will  produce 
during  ai^  interval  of  time.  We  may  proceed  in  the  fi>l- 
lo  wing  manner. 

SSL  Let  3  {Fig.  81. )  represent  the  Sun^  E  the  Earth, 
moving  in  the  arch  A  £  B.  Let  the  Moon  be  supposed  to 
dwxibe  loimd  the  Earth  the  circle  C  BO  A.  Join  £  Sand 
M  S»  and  let  S  M  cut  the  £arth's  orbit  in  N.  Lastly,  Let 
£  S  be  taken  as  the  measure  of  the  Earth's  gravitation  to 
die  Sui^  and  as  the  scale  on  which  we  estimate  the  disturb- 
ing fiorces. 

To  leam  the  magnitude  and  direction  of  the  force  which 
distuiba  the  Moon's  motion  when  she  is  in  any  point  M  of 
her  orbity  gravitating  to  the  Sun  in  the  direction  M  S,  we 
ontst  mstitate  the  following  analogy  MS*:  £S'=:  ES :  MG. 
Thna  ia  is  evident  that  if  the  Moon's  gravitation  to  the  Sun 
be  Kpiewntcd  by  £  S  when  she  is  in  the  points  A  or  B, 
equally  distant  with  the  Earth,  M  G  will  represent  her 
gaawtation  to  the  Sim  when  she  is  in  M ;  for  it  is  to  £  S 
in  the  inwne  duplicate  ratio  of  the  distances  from  him. 

Now  this  focce  M  6,  being  neither  equal  to  £  S,  nor  in 
the  same  direction,  must  change  or  disturb  the  Moon's  mo^ 
tion  relative  to  the  Earth.  Wenay  suppose  M  G  to  result 
fiwn  the  combined  action  of  two  forces  M  F  and  M  H 
(thai  is«  MG  may  be  the  diagonal  of  a  pavallelogrant 
MF  GH)»  of  which  one,  M  F,  is  parallel  and  equal  to^  £S. 
Were  the  Earth  and  Moon  urged  by  the  forces  E  S  and 
M  F  only,  their  relative  motions  would  not  be  affiected. 
Thcrefiiffe  MH  alone  disturbs  this  relative  motion,  and  may 
he  taken  £br  its  indication  and  measure. 

The  disturbing  (oice  may.  be  otherwise  represented  by 
varying  the  conations  on  which  the  parallelogram  MFGH 
if  formed.  It  may  be  formed  on  the  supposition  that  one 
ade  of  the  parallelogram  shall  have  the  direction  M  £• 
And  this  is  perhiqps  the  best  way  of  resolving  M  G  for  the 
parpoees  of  calculation,  and  accordingly  has  been  most 
generally  employed  by  the  great  geometers  who  have  cuU 
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tivated  this  theory.  But  the  method  followed  in  this  ouu 
line  was  thought  more  elementary  and  most  illustndTe  of 
the  effects. 

The  magnitude  and  direction  of  this  disturbing  force  de- 
pends on  the  form  of  the  parallelogram  MFGH  and  coo- 
sequently  on  the  proportion  of  M  F  and  M  G,  and  on  their 
relative  positions.  We  may  obtmn  an  easy  expressioo  of 
the  force  M  H  by  the  consideration  that  the  rate  of  increitt 
of  M  S*  is  double  of  the  rate  of  increase  of  M  S.  What  a 
line  increases  by  a  very  small  addition,  the  ratio  of  the  in- 
crement of  the  line  to  the  line  is  but  the  half  of  that  of  tbe 
square  to  the  square.  Thus,  let  the  line  M  S  be  supposed 
100,  and  E  S  101 ,  differing  by  one  part  in  a  hundred.  We 
have  M  S»  =  10000,  and  E  S*  =  10^1,  differing  by  very 
nearly  two  parts  in  a  hundred ;  the  error  of  this  suppoo- 
tion  being  only  one  part  in  ten  thousand.  Suppose  M  S 
=  1000,  and  £  S  ==  1001,  differing  by  one  part  m  a 
thousand.  Then  M  S'  =  1000000,  and  E  S  =  lOOMOl^ 
differing  &om  M  S  by  two  parts  in  a  thousand  very  nearly, 
the  error  of  the  supposition  being  only  one  part  in  a  millioD, 
&c.  &c. 

Now  the  greatest  difference  that  can  occur  between  E  S 
and  M  S  is  at  new  and  full  Moon,  when  the  Moon  is  m  C 
or  O.  In  this  case  E  C  is  nearly  the  590th  part  of  E  S,  and 
we  have  E  S*  :  O  S«  =  890  :  391',  or  =  390  :  39^086; 
and  therefore,  in  supposing  E  S  to  O  S''  as  390  to  392,  we 
commit  an  error  of  no  more  than  ^^^  of  5^7,  that  is  T;if9> 
viz.  less  than  one  part  in  fifteen  thousand,  in  the  most  un- 
favourable circumstances.  Therefore  the  difference  between 
N  S  (or  £  S)  and  M  G  may  be  supposed  equal  to  M  D, 
without  any  sensible  error,  that  is,  to  the  double  of  N  M, 
the  difference  of  N  S  and  M  S.  Therefore  M  G  —  N  S 
=  2  M  N  very  nearly,  and  M  G  —  M  S,  that  is,  S  G  = 
8  M  N  very  nearly.  We  may  also  take  MI  for  M H 
without  any  sensible  error,  and  may  suppose  £  I  =  S  M  N. 
For  the  lines  M  F,  I P,  H  G,  being  equal  and  parallel,  and 
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S  P  Dearly  ooincidiiig  with  S  G,  from  which  it  never  de- 
viates more  than  d'y  £  I  will  nearly  ocnncide  with  £  H,  =: 
SG,  =  3MN  nearly. 

^0.  These  considerations  will  give  us  a  very  simple 
manner  of  representing  and  measuring  the  disturbing  force 
in  every  position  of  the  Moon,  which  will  have  no  error 
that  can  be  of  any  significance.  Moreover,  any  error  that 
inheres  in  it^  is  completely  compensated  by  an  equal  error, 
of  an  opposte  kind,  in  another  point  of  the  orbit.  There- 
fore, 

Let  us  suppose .  that  the  portion  of  the  Earth's  path 
round  the  Sun  sensibly  coincides  with  the  straight  line  A  B 
(Fig.  SSL)  perpendicular  to  the  line  O  C  S,  pasang  through 
the  Sun,  and  called  the  line  of  the  stzigies,  as  A  B  is 
caUed  the  Ime  of  the  quadbaturbs.  Let  M  D  cross  A  B 
at  li^t  angles,  and  produce  it  to  R,  so  that  M  P  =  8  MN. 
R£,  and  draw  M I  parallel  to  it  MI  will,  in  all 
have  the  position  and  magnitude  corresponding  to  the 
disturbing  force. 

•  Or,  more  amply,  make  £  I  =  3  M  N,  taking  the  pcnnt 
I  oo  the  same  side  of  A  B  with  M,  and  draw  MI.  MI 
is  the  disturbing  force. 

fn\ .  This  force  M  I  may  be  resolved  into  two,  viz.  ML, 
having  the  direction  of  the  Moon's  motion,  and  M  K  per- 
pendicular to  her  moUon,  that  is,  M  K  lying  in  the  direction 
of  the  radius  vector  M  £,  and  M  L  having  the  direction  of 
the  tangent.  The  force  M  L  afiects  the  Moon's  angular 
motion  round  the  £arth,  cither  accelerating  or  retarding  it, 
while  the  force  M  K  eitlier  augments  or  diminishes  her  gra- 
vitation to  the  £arth. 

The  disturbing  force  M  I  may  also  be  resolved  into 
H  R'  =  3  M  N,  and  R'  I,  or  M  £  ;  that  is,  into  a  fcnrce 
always  proportional  to  M  N,  and  in  that  direction,  and  ano- 
ther force  in  the  direction  of  the  Moon's  gravitation  to  the 
Earth.     This  is  useful  on  another  occasion. 

2W,  When  the  Moon  is  in  quadrature,  the  point  I  coin- 
Vol.  III.  M 
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odes  with  E,  because  there  is  no  M  N.  In  tfaiscaae,  there- 
fore,  the  force  M  L  does  not  exist,  and  M  K  coincides  with 
ME.  The  disturbing  force  M  I  is  now  wholly  emplpjed 
in  augmenting  the  Moon's  gravitation  to  the  Earth.  The 
giBvitations  of  the  Earth  and  Moon  to  the  Sun  are  equdl, 
but  not  parallel.  If  E  S  expresses  the  magnitude  of  the 
Moon's  gravitation  to  the  Sun,  then  M  E  will  expneas  (on 
the  same  scale)  the  augmentation  in  quadratures  of  the 
Moon's  gravitation  to  the  Earth,  occasioned  by  the  obli- 
quity of  th6  Sun's  action.  It  is  convenient  to  take  this  qua- 
drature  augment  of  the  Moon's  gravitation  to  the  Earth  as 
the  unit  of  the  scale  on  which  all  the  disturbing  forces  are 
measured,  and  to  calculate  what  fraction  of  her  whde  gra- 
vitation it  amounts  to. 

273.  Let  6  express  the  Moon's  gravitation  to  the  Sun, 
g  her  gravitation  to  the  Earth,  and  g^  the  increase  of  tbb 
gravitation.  Also  let  y  and  m  be  the  length  of  a  syderesl 
year  and  of  a  sydereal  month.  In  order  to  learn  in  what 
proportion  the  Moon's  gravitation  to  the  Earth  is  affiscted 
by  the  disturbing  force,  it  will  be  convenient  to  know  what 
proportion  its  increment  in  quadrature  has  to  the  whole 
gravitation.  We  may  therefore  institute  the  following  pro- 
portions. 

r       _?  ^—ES    EB^ 

^:G=  EB:ES.     Therefore 

ESxEB     EBxES  ,     , 


•  ES     EB       390  1 

^Ims  we  see  that  the  Moon's  gravitation  to  the  Sun  is  mote  than 
^^vice  her  gravitation  to  the  Earth.  The  consequence  of  this  is,  that 
•^en  when  the  Moon  is  in  conjunction^  at  new  Moon,  between  the 
Kai'lh  and  the  Sun,  her  path  in  absolute  space  is  concave  toward  the 
■tej  and  convex  toward  the  Earth.    Even  there  she  is  deflected,  not 
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The  MooQ*8  mean  gravitation  to  the  Earth  is  therefore 
to  its  increment  in  the  quadratures  by  the  action  of  the  Sun, 
in  the  duplicate  ratio  of  the  Earth^s  period  round  the  Sun 
to  the  lunar  period  round  the  Earth.  This  is  very  nearly 
in  the  proportion  of  179  to  1.  Her  gravitation  is  increased, 
when  in  quadrature,  about  j  j^.  This  will  diminish  the 
dbord  of  curvature  and  increase  the  curvature  in  the  same 
pfoportioa. 

■ 

ftT4f,  In  Older  to  see  what  change  it  sustains  in  any  other 
position  of  the  Moou,  such  as  M,  join  £  D,  and  draw  D  Q 
perpendicular  to  E  M.  It  is  plain  that  D  Q  is  the  sine  of 
the  angle  D  E  Q,  which  is  twice  the  angle  O  E  Q  or  CEM, 
that  is,  twice  the  Moon's  distance  from  the  nearest  syzigy. 
Q  £  ia  the  cosine  of  the  same  angle.  The  triangles  MDQ 
and  E I K  are  similar.     £  I  is  equal  to  1 J  M  D.     There- 

fore  £  K  =  li  M  Q,  =  li  M  £  +  li  E  Q,  using  the  sign 
+  when  D  £  m  is  less  than '90%  or  C  £  M  is  less  than  45^, 
and  the  sign  —  when  C  E  M  is  greater  than  45''.  There- 
fore MK==iM£  +  UEQ.  Therefore,  if  ^ME  be 
equal  to  UEQ,  that  is,  if  M£be  =  3EQ,  MKisre- 


Uywnd  the  Earthy  but  toward  the  Sun.  This  is  a  very  curious,  and 
aeemin^  paradoxical  assertion.  But  nothing  is  better  established. 
The  tradog  the  Moon's  motion  in  absolute  space  is  the  completest  de- 
moDstratioo  of  it.  It  is  not  a  looped  curve^  as  one^  at  first  thinking, 
would  imagine,  but  a  line  always  concave  toward  the  Sun.  Indeed 
ictfeely  any  things  can  be  more  unhke  than  the  real  motions  of  the 
Moon  axe  to  what  we  first  imagine  them  to  be.  At  new  Moon,  she 
sppean  to  be  moving  to  the  left,  and  we  see  her  gradually  passing  the 
stirs,  leaving  them  to  the  right ;  and  calculating  from  the  distance 
240000  miles,  and  the  angular  motion,  about  half  a  degree  in  an  hour, 
ne  should  say  that  she  is  moving  to  the  left  at  the  rate  of  38  miles  in 
a  minute.  Bui  the  &ct  is,  that  she  is  then  moving  to  the  right  at 
the  rate  of  1 100  miles  in  a  minute.  But  as  the  Earth,  from  whence  we 
view  ha,  is  moving  at  the  rate  of  lUO  miles  in  a  minute,  the  Moon 
is  left  behind. 
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duced  to  nothing,  or  the  force  M  I  is  then  perpendicular  to 
the  radius  vector,  or  is  a  tangent  to  the  drde.  The  angle 
C  £  M,  or  the  arch  C  M,  has  then  its  secant'E  I  equal  to 
thrice  its  cosine  M  N.  This  arch  is  54^  44'.  There  are 
therefore  four  points  in  the  circular  orbit  distant  54^  44' 
from  the  line  of  the  syzigies,  where  the  Moon^s  gravitation 
to  the  Earth  is  not  affected  by  the  action  of  the  Sun.  If 
the  arch  C  M  exceed  this,  the  point  K  will  lie  within  the 
orbit,  as  in  Fig.  33.  indicating  an  augmentation  of  the 
Moon's  gravitation  to  the  Earth. 

At  B,  l^EQ  =  H  £  M,  and  therefore  Ij  £  Q  -4  E  M. 
=  £  M,  as  before. 

S75.  AtOandatC,  UEQ-|.iEM  =  2EM.  There- 
fore,  in  the  syzigies,  the  diminution  of  the  Moon's  gravita- 
tion to  the  Earth  is  double  of  the  augmentation  of  it  in 

quadratures,  or  it  is  r^  of  her  gravitation  to  the  Earth. 

276.  With  respect  to  the  force  M  L,  it  is  evidently  = 
1]|  D  Q  or  1^  of  the  sine  of  twice  the  Moon's  distance  from 
opposition  or  conjunction.  It  augments  from  the  syzigy 
to  the  octant,  where  it  is  a  maximum,  and  from  thence  it 
diminishes  to  nothing  in  the  quadrature.  In  its  maximum 
state,  it  is  about  jl^  of  the  Moon's  gravitation  to  the  Earth. 

277.  It  appears,  by  constructing  the  figure  for  the  different 
positions  of  the  Moon  in  tlie  course  of  a  lunation,  that  this 
force  M  L  retards  the  Moon's  motion  round  the  Earth  in 
the  first  and  third  quarters  C  A  and  O  B,  but  accelerates 
her  motion  in  the  second  and  last  quarters  A  O  and  B  C. 
Thus,  in  Fig.  32,  M  L  leads  from  M  in  a  direction  oppo- 
site to  that  of  the  Moon's  motion  eastward  from  her  con- 
junction at  C  to  her  first  quadrature  in  A.  In  Fig.  34. 
M  L  lies  in  the  direction  of  her  motion  ;  and  it  is  plain 
that  M  L  will  be  similarly  situated  in  the  quadrants  C  A 
and  O  B,  as  also  in  the  quadrants  A  O  and  B  C. 

All  these  disturbing  forces  de|Knd  on  the  proportion  of 
E  B  to  E  S.     Thcrcforcj  while  E  S  remains  the  same,  the 
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disturfaing  forces  will  change  in  tlic  same  propoilion  witli 
the  Moan's  disUmoe  from  the  Earth. 

278.  But  let  us  suppose  that  E  S  changes  in  the  course 
of  the  Earth's  motion  in  her  elliptical  orbit.  Then,  did  the 
Sua  continue  to  act  with  the  same  force  as  before,  sdll  the 
disturfaii^  ibroe  would  change  in  the  proportion  of  E  S, 
becoming  smaller  as  ES  becomes  greater,  because  the 
proportion  of  E  B  to  E  S  becomes  smaller.  But,  when  E  S 
iocreases,  the  gravitation  to  the  Sun  diminishes  in  the  du- 
plicate ratio  of  E  S.  Therefore  the  disturbing  force  varies 
in  the  inverse  proportion  of  E  S\  and,  in  general,  is  = 

EB 

^r7;v     Therefore,  as  tlie  Earth  is  nearer  to  the  Sun  about 

E  S^ 

9^0  in  January  than  in  July,  it  follows  that  in  January  all 

the  distuibing  forces  will  be  nearly  ^j^  greater  than  in 

July. 

What  has  now  been  siud  must  suffice  for  an  account  of 
the  forces  which  disturb  the  Mopn^s  motion  in  the  different 
parts  of  a  circular  orbit  round  the  Earth.  The  same  forces 
operate  on  the  Moon  revolving  in  her  true  elliptical  orlnt, 
but  vaiying  with  the  Moon'^s  distance  from  the  Earth. 
They  operate  in  the  same  manner,  producing,  not  the  same 
motioas^  but  the  same  changes  of  motion. 

279.  It  would  seem  now  that  it  is  not  a  very  diflScuIt 
matter  to  compute  the  motion  and  the  place  of  the  Moon 
for  any  particular  moment.  But  it  is  one  of  the  most  dif- 
ficult problems  that  have  employed  the  talents  of  the  first 
Mathematicians  of  Eim>pe.  Sir  Isaac  Newton  has  treated 
this  subject  with  his  usual  superiority,  in  his  Prindples  of 
Natural  Philosophy,  and  in  the  separate  Essay  on  the 
Lunar  Theory.  But  he  only  began  the  subject,  and  con- 
tented himself  with  mariung  the  principal  topics  of  investi- 
gation, pcnnting  out  the  roads  that  were  to  be  held  in  each, 
and  furnishing  us  with  the  mathematics  and  the  methods 
which  were  to  be  followed.  In  all  these  particulars,  great 
improvements  have   been  made  by  Euler,   D'Alembert, 
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this  part  of  the  higher  mathemadcs.  The  late  Dr  Matthew 
Stewart,  in  his  Tracts  Phymad  and  Mathematical^  follow- 
ing Newton's  example,  has  given  some  very  beautiful  eir 
amples  of  the  same  method. 

S82.  We  have  hitharto  oonadered  the  Moon^s  orbit  as 
drcular,  and  must  now  inquire  whether  its  form  will  suffer 
any  change.  We  may  expect  that  it  will,  ance  we  see  a 
very  great  disturUng  force  diminishing  its  terrestrial  gra- 
vity in  the  syzig^es,  and  increasing  it  in  the  quadratures. 
Let  us  suppose  the  Moon  to  set  out  from  a  pcunt  S5^  1& 
short  of  a  quadrature.  The  force  MK,  which  we  may  call 
a  centripetal  force,  b^ns  to  act,  increasing  the  deflecting 
force.  This  must  render  the  orbit  more  incurvated  in  thit 
part,  and  this  change  will  be  continued  through  the  whale 
of  the  arch,  extending  85^  16'  on  each  side  of  the  quadra* 
tura  At  85^  16'  east  of  a  quadrature,  the  gravity  reoovcct 
its  mean  state;  but  the  path  at  this  point  now  makes  an 
acute  angle  with  the  radius  vector,  which  brings  the  Mooo 
nearer  to  the  Earth  in  passing  through  the  point  of  con- 
junction  or  opposition.  Through  the  whole  of  the  ardi 
V  V,  extending  64^  44^  on  each  side  of  the  syzigies,  the 
Moon^s  gravitation  is  greatly  diminished ;  and  therefore  her 
orbit  in  this  place  is  flattened,  or  made  less  curve  than  the 
circle,  till  at  v,  64^  44'  east  of  the  syzigy,  the  Moon'^s  gra- 
vity recovers  its  mean  state,  and  the  orbit  its  mean  curva^ 
ture. 

2S3.  In  this  manner,  the  orbit,  from  bdng  drcular,  be> 
comes  of  an  oval  form,  most  incurvated  at  A  and  B,  and 
least  so  at  O  and  C,  and  having  its  longest  diameter  lyi^g 
in  the  quadratures ;  not  exactly  however  in  those  points,  on 
account  of  the  variation  of  velocity  which  we  have  shewn  to 
be  greatest  in  the  second  and  fourth  quadrants.  The  long- 
est diameter  lies  a  small  matter  short  of  the  points  A  and 
B,  that  is,  to  the  westward  of  them.  Sir  Isaac  Newton  has 
determined  the  proportion  of  the  two  diameters  of  this  oval, 
vis.  A  B  =:  70  and  O  C  =69.    It  may  seem  strange  that 
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the  Moon  comes  nearest  to  the  Earth  when  her  gravity  is 
most  dinunidied ;  but  this  is  owing  to  the  incurvation  of 
the  orbit  in  the  neighbouriiood  of  the  quadnturea. 

284f.  The  Moon^s  orbit  is  not  a  circle,  but  an  eUipsis^ 
having  the  Earth  in  one  of  the  ibcL  Still,  however,  the 
above  asserdons  will  apply,  by  always  conceiving  a  circle 
described  through  the  Moon^s  place  in  the  real  orbit.  But 
we  must  now  inquire  whether  this  oibit  also  suffers  any 
change  of  fbnn  by  the  action  of  the  Sun. 

Let  us  suppose  that  the  line  of  the  apadesonnddes  with 
the  fine  of  syzi^es,  and  that  the  Moon  is  in  iqpogee.  Her 
gravitation  to  the  Earth  is  dinunished  in  conjunction  and 
f^yposition,  so  that,  when  her  gravitation  in  perigee  is  com- 
pared with  her  gravitation  in  apoge^  the  gravitations  difier 
more  than  in  the  inverse  dufdicate  ratio  of  the  distance. 
The  natural  forces  in  perigee  and  apogee  are  inversely  as 
the  squares  of  the  distance.  If  the  lUminuticms  by  the 
Sun^s  action  ware  also  inversely  as  the  square  of  the  dis- 
tance, the  remaining  cavitations  would  be  in  the  same  pro. 
portion  stilL  But  this  is  fiur  frcxn  being  the  case  here ;  fiir 
the  diminutions  are  directly  as  the  distance,  and  the  greatest 
quantity  is  taken  from  the  smallest  force.  Therefore  the 
forces  thus  diminished  must  differ  in  a  greater  pn^rtion 
than  before,  that  is,  in  a  greater  ratio  than  the  inverse  of 
the  square  of  the  distances^* 


*Tha8y  let  the  following  perigee  and  apqgpee  distances  be  compared, 
and  tbe  corresponding  graTitationa  with  their  diminutiona  and  re* 
maindera. 

Diatanoea         ...  8  10  IS 

Gisnutiona  -         •  «        I4i        100  64 

DiminutKHia  -  -  -        2  S^  3 

Remaining  gravitiea  -  142         91  k  61 

Now  12*  :  »•  =  142  :  63,11.    Therefore  142  is  to  61  in  a  much 
greater  ratio  tlian  the  inverse  of  the  aquare  of  the  diatance. 
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Let  the  Moon  come  from  the  apogee  of  this  dittmfaid 
orbit  Did  her  gravity  increase  in  the  due  proportion,  die 
would  come  to  the  proper  perigee.  But  it  increaaea  in  i 
greater  proportion,  and  will  bring  the  Moon  nearer  to  die 
focus ;  Uiat  is,  the  orbit  will  become  more  eooentric,  aad 
its  elliptical  equation  will  increase  along  with  the  eceenbi- 
city.  Similar  effects  will  result  in  the  Moon^a  motion  bam 
perigee  to  apogee.  Her  apogean  gravity  being  too  nradi 
diminislied,  she  will  go  farther  off,  and  thus  the  eccentri- 
city and  the  equation  of  the  orbit  will  be  increased.  Slip- 
pose  the  Moon  to  change  when  in  apogee,  and  thatwt 
calculate  her  place  seven  days  after,  when  she  should  be 
in  the  vicinity  of  the  quadrature.  We  apply  her  ellipdcil 
equation  (about  6^  ISO^)  to  her  mean  motion.  If  we  cgb^ 
pare  this  calculation  with  her  real  place,  we  shall  find  the 
true  place  almost  2P  behind  the  calculation.  We  should 
find,  in  like  manner,  that  in  the  last  quadrature,  her  cal- 
culated place,  by  means  of  the  ordinary  equation  of  the 
orbit,  is  more  than  2^  behind  the  true  or  observed  place. 
The  orbit  has  become  more  eccentric,  and  the  motion  in  it 
more  unequable,  and  acquires  a  greater  equation.  Thii 
may  rise  to  7^  40",  instead  of  6o  20',  which  corresponds 
to  the  mean  form  of  the  orbit 

But  let  us  next  suppose,  that  the  apsides  of  the  oibit 
lie  in  the  quadratures,  where  the  Moon^s  gravitation  to  the 
Earth  is  increased  by  the  action  of  the  Sun.  Were  it  in- 
creased in  the  inverse  duplicate  ratio  of  the  distances,  the 
new  gravities  would  still  be  in  this  duplicate  proportion. 
But,  in  the  present  case,  the  greatest  addition  will  be  made 
to  the  smallest  force.  The  apogee  and  perigee  gravities, 
therefore,  will  not  differ  sufficiently ;  and  the  Moon,  set- 
ting out  from  the  apogee  in  one  quadrature,  will  not,  on 
her  arrival  at  the  opposite  quadrature,  come  so  near  the 
Earth  as  she  otherwise  would  have  done.  Or,  should  she 
set  out  from  her  perigee  in  one  quadrature,  she  will  not 
go  far  enough  from  the  Earth  in  the  opposite  quadrature ; 
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tbit  is»  theeeeatCridty  of  the  orbit  wiU,  in  both  cases,  be 
dioiiiiialied,  and,  along  with  it,  the  equation  corresponding. 
Our  calculationB  for  her  jriaoe  in  the  adjacent  opposition 
or  oaojiiiietioii,  made  with  the  ordinary  orbital'  equation^ 
will  be  fiuilty,  and  the  errors  will  be  of  the  opposite  kind 
to  the  former.  The  equation  necessary  in  the  present  case 
will  vc/t  ezioeed  6*  3^. 

In  all  intennediate  pontions  of  the  ap^des,  similar  ano- 
malies will  be  observed,  ver^ng  to  the  one  or  the  other 
cxtmne,  aooordiog  to  the  position  of  the  line  of  the  ap- 
ades.  The  equation  pro  expediendo  cakuloj  by  Dr  Hal- 
lej,  omtains  the  corrections  which  must  be  made  on  the 
eqnatkiQ  of  the  orbit,  in  order  to  bring  it  into  the  state 
whidi  oorresponds  with  the  present  eccentricity  of  the  or- 
bit, depcadJng  on  the  Sun''s  position  in  relation  to  its  trans- 


285.  All  these  anomalies  are  distinctly  observed,  agree- 
ing with  the  deductions  from  the  efPects  of  universal  gravi- 
tation with  the  utmost  precision.  The  anomaly  itself  was 
diioofered  by  Ptcdemy,  and  the  discovery  is  the  greatest 
mark  of  his  penetration  and  sagacity,  because  it  is  extreme- 
ly diflicult  to  find  the  periods  and  the  changes  of  this  cor- 
mtion,  and  it  had  escaped  the  observation  of  Hipparchus, 
asid  the  other  eminent  astronomers  at  Alexandria,  during 
three  hundred  years  of  continued  observation.  Ptolemy 
called  it  the  Equation  of  evection,  because  he  explained 
it  by  a  certain  shifting  of  the  orbit  His  explanation,  or 
nlher  hb  hypothecs  for  directing  his  calculation,  is  most 
iifemous  and  refined,  but  is  the  least  compatible  with 
other  phenomena  of  any  of  PtoIemy^s  contrivances. 

986.  The  deduction  of  this  anomaly  from  its  physical 
fmdjhs  was  a  tar  more  intricate  and  difficult  task  than 
the  variation  which  equation  had  furnished.  It  is,  how- 
evar,  accomplished  by  Newton  in  the  completest  manner. 

It  is  an  interesting  case  of  the  great  problem  of  three 
bodies,  which  has  employed,  and  continues  to  employ,  the 
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laleDts  and  best  eSbrU  of  the  great  malhematidans.  Ifr 
Machin  gave  a  pretty  theorem,  which  seemed  to  pranir 
great  asristance  m  the  solution  of  this  problem.  Newtoi 
had  demonstrated,  that  a  body,  deflected  by  a  cea^npd 
fierce  directed  to  a  fixed  point,  moved  so,  that  the  ndini 
vector  described  areas  proportional  to  the  times.  Mr  Ma- 
chin demonstrated,  that  if  deflected  by  forces  directed  ft» 
two  fixed  points,  the  triangle  connecting  it  with  tiiai 
(which  may  be  called  the  plana  vectrix)  also  (lescribed  i^ 
lids  proportional  to  the  times.  Littie  help  has  been  gottn 
from  it  The  equations  founded  on  it,  or  to  whidi  it 
leads,  are  of  inextricable  complexity. 

287.  Not  only  the  form,  but  also  the  poation  of  the  lu- 
nar orbit,  must  suffer  a  change  by  the  action  of  the  Sun.  It 
has  already  been  demonstrated,  that  if  gravitydecreasedfitfU 

er  than  in  the  proportion  of  -^,  the  apadcs  of  an  orbit  niD 

advance,  but  will  retreat,  if  the  gravitation  decrease  at  a 
slower  rate.  Now,  we  have  seen,  that  while  the  Moon  is 
within  54^  4A'  of  the  syzigies,  the  gravity  is  diminished  in 

a  greater  proporticm  than  that  of  -n*  Therefore  the  ap- 
sides which  lie  in  this  part  of  the  synodical  revolution  muit 
advance.  For  the  opposite  reasons,  while  they  lie  witlua 
35p  16'  of  the  quadratures,  they  must  recede.  But  since 
the  diminution  in  syzigy  is  double  of  the  augmentation  m 
quadrature,  and  is  continued  through  a  much  greater  por- 
tion of  the  orbit,  the  apsides  must,  in  the  course  of  a  com- 
plete lunation,  advance  more  than  they  recede,  or,  on  the 
whole,  they  must  advance.  They  must  advance  most, 
and  recede  least,  when  near  the  syzigies ;  because  at  thb 
time  the  diminution  of  gravity  by  the  disturbing  fbree 
bears  the  greatest  proportion  to  the  natural  diminution  of 
gravity  corresponding  to  the  elliptical  motion,  and  because 
the  augmentation  in  quadrature  will  then  bear  the  smallest 
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pioportiofi  to  it,  because  the  conjugate  axis  of  the  clHpsc 
18  in  the  Sne  of  quadrature. 

He  contrary  must  happen  when  the  apsides  arc  near 
the  quadiatores,  and  it  will  be  found  that,  in  this  case,  the 
leoesB  win  exceed  the  progress.  In  the  octants,  the  mo- 
tion of  tlie  apsides  in  consequentia  is  equal  to  their  mean 
motioQ ;  but  their  place  is  most  distant  from  their  true 
place,  the  diifoenoe  being  the  accumulated  sum  of  the  va- 
riations. 

But  since,  in  the  course  of  a  complete  revolution  of  the 
Earth  and  Moon  round  the  Sun,  the  apsides  take  every 
position  with  respect  to  the  line  of  the  syzigies,  they  will, 
on  the  whole,  advance.  Their  mean  progress  is  about 
three  degrees  in  each  revolution. 

288.  It  has  been  observed  already,  that  the  investigation 
of  the  eAects  of  the  force  M  K  is  much  more  difficult  than 
that  cf  the  eflects  of  the  force  M  L.  This  last,  only  treating 
of  acceleration  and  retardation,  rarely  employs  more  than 
the  direct  method  of  fluxions,  and  the  finding  of  the  simpler 
fluents,  whidi  are  expressed  by  circular  arches  and  their 
conoomitant  lines.  But  the  very  elementary  part  of  this 
seoond  investigation  engages  us  at  once  in  the  study  of 
Gurratuie  and  the  variation  of  curvature ;  and  its  ^plest 
process  requires  infinite  serieses,  and  the  higher  orders  of 
fluxions.  Sir  Isaac  Newton  has  not  con^dered  this  ques- 
tion in  the  same  systematic  manner  that  he  has  treated  the 
other,  but  has  generally  arrived  at  his  conclusions  by  more 
(scuitous  helps,  suggested  by  circumstances  peculiar  to 
the  case,  and  not  so  capable  of  a  general  application.  He 
has  not  even  given  us  the  steps  by  which  he  arrived  at 
sane  of  his  conclusions.  His  excellent  commentators,  Lc 
Seur  and  Jaquier,  have,  with  much  address,  supplied  us 
mtb  this  information.  But  all  that  they  have  done  has 
been  very  particular  and  limited.  The  determination  of 
the  motion  of  the  lunar  apogee  by  the  theory  of  gravity  is 
foond  to  be  only  one-half  of  what  is  really  observed.    This 
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was  very  soon  remarked  by  Mr  Machin,  but  witlioat  bca| 
able  to  amend  it ;  and  it  remained,  iar  many  years^  ant 
of  blot  on  the  doctrine  of  universal  gravitatioD. 

£89.  As  the  Newtonian  mathematics  coDtinued  to  ioi> 
prove  by  the  umted  labours  of  the  first  geniuses  of  En- 
rope,  this  investigation  leodved  successive  improvemnU 
also.     At  last,  M.  Clairaut,  about  the  year  174S,  oomid- 
ered  the  problem  of  these  bodies,  mutually  gravitating,  ii 
general  terms.     But  finding  it  beyond  the  reach  of  our  iU 
tiunments  in  geometry,  unless  considerably  limited,  be  eon- 
fined  his  attention  to  a  case  which  suited  the  interesdog 
case  of  the  lunar  motions.     He  supposed  one  of  the  three 
bodies  immensely  larger  than  the  oth^  two,  and  at  a  verf 
great  distance  from  tliem ;  and  the  smallest  of  the  othcn 
revolving  round  the  third  in  an  ellipse  little  different  frain 
a  drcle ;  and  limited  his  attention  to  the  diHurbancei  0d^ 
of  this  motion. — With  tliis  limitation  he  solved  the  pro- 
blem of  the  lunar  theory,  and  constructed  taUes  of  the 
Moon^s  motion.     But  he  too  found  the  motion  of  the  apo> 
gee  only  one-half  of  what  b  observed.— Euler,  and  D'A- 
lembert,  and  Simpson,  had  the  same  result ;  and  mathe- 
maticians began  to  suspect  that  some  other  force,  benda 
that  of  a  gravitation  inversely  as  the  square  of  the  dis- 
tance, had  some  share  in  these  motions. 

At  last,  M.  Clairaut  discovered  the  source  of  all  their 
mistakes  and  their  trouble.  A  term  had  been  omitted, 
which  had  a  great  influence  in  this  particular  drcumstanee, 
but  depended  on  some  of  the  other  anomalies  of  the  Moon, 
with  which  he  had  not  suspected  any  connexion.  He 
found,  that  the  disturbances,  which  he  was  conadering  as 
relating  to  the  Moon^s  motion  in  the  simple  ellipse,  diould 
have  been  considered  as  relating  to  the  orbit  already  af- 
fected by  the  other  inequalities.  When  this  was  done,  he 
found  that  the  motion  of  the  apogee,  deduced  from  the 
action  of  the  Sun,  was  precisely  what  is  observed  to  obtain. 
JBuler  and  D'*Alembert,  who  were  employed  in  the  same 
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invesbgatioiii  acceded  without  scruple  to  M.  Clairaufs 
impioyaiiait  of  his  analyus ;  and  all  are  now  satisfied  with 
respett  to  the  oompetency  of  the  principle  of  universal  gra- 
wiCatioa  to  the  explanation  of  all  these  phenomena  o£  the 
kmar  motiona. 

X90.  In  the  whole  of  the  preceding  investigation,  we 
lunre  considered  the  disturbing  force  of  the  Sun  as  acting 
in  the  plane  of  the  Moon^s  orbit,  or  we  have  conadered 
that  arfait  as  oonciding  with  the  plane  of  the  ecliptic.  But 
the  Moon*8  orlRt  is  inclined  to  the  plane  of  the  ecliptic 
nearly  6**,  and  therefore  the  Sun  is  seldom  in  its  plane. 
Hia  acdon  must  generally  have  a  tendency  to  draw  the 
Moon  out  of  the  plane  in  which  she  is  then  moving,  and 
thus  to  change' the  inclination  of  the  Moon^s  orbit  to  the 
ediptic. 

But  thu  oUique  force  may  always  be  resdved  into  two 
otben^  one  of  which  shall  be  in  the  jdane  of  the  orbit,  and 
the  other  perpendicular  to  it.  The  first  will  be  the  dis- 
tmbing  force  dready  considered  in  all  its  modifications. 
We  must  now  consider  the  effect  c^  the  other.* 

291.  Let  A  C  B  O  (Fig.  85.)  be  the  Moon's  orbit  cuU 
tii^  the  ediplic  in  the  line  N  N'  of  the  nodes,  the  half 
N  M  AN'  h&ng  raised  above  the  ecliptic,  and  the  other 
half  N  B  O  N'  being  below  it.  The  clotted  circle  is  the 
orbit^  turned  on  the  line  NN'  dll  it  coincide  with  the  plane 
of  the  ecliptic.  C,  O,  A,  and  B,  are,  as  formerly,  the 
points  of  syxigy  and  quadrature.  Let  the  Moon  be  in  M. 
Let  A  £  B  be  the  intersection  of  a  plane  perpendicular  to 


*  It  is  very  difficult  to  give  sudi  a  representation  of  the  lunar  or« 
Ui,  indined  to  the  plane  of  the  ecliptic^  that  the  lines  which  repre- 
mt  the  different  aflfections  of  the  disturbing  force  may  appear  de« 
tMhcd  horn  the  planes  of  the  orbit  and  ecliptic^  and  thus  enable  us 
to  perceive  the  efficiency  of  them,  and  the  nature  of  the  effect  pro- 
duced. The  most  attentive  consideration  by  the  reader  is  necessary 
^  giTing  him  a  distinct  notion  of  these  circumstances. 
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the  ecliptic.    Draw  M  n  perpendicular  to  the  [daiie  A£B» 
4Uid  therefore  parallel  to  the  ediptic,  and  to  O  C.    Tab 
£1  equal  to  3 M n,  and  join  MI.    MI  is  the  Sun^s  dis* 
turbing  force,  (S71.)  and  £  M  measures  the  augmeDtstioi 
of  the  Moon^s  gravitation  when  in  quadrature.    It  is  pisin, 
that  M I  is  in  a  plane  pasang  through  £  S,  and  intcnectp 
ing  the  lunar  orbit  in  the  line  M  £,  and  the  edipbc  in  tk 
line  £  I.     MI,  therefore,  does  not  lie  in  the  {dane  of  the 
lunar  orbit,  nor  in  that  of  the  ecliptic,  but  b  between  dm 
both.     The  force  M I  may  therefore  be  oonoeived  as  re> 
solvable  into  two  forces,  one  of  which  lies  in  the  Moon^i 
orbit,  and  the  other  is  perpendicular  to  it    This  resolutioi 
will  be  effected,  if  wc  draw  1 1  upward  from  the  ediplkf 
till  it  meet  the  plane  of  the  lunar  orbit  perpendicukriy  ii 
t.     Now  join  M  t,  and  complete  the  parallelogram  Mtlsi) 
having  M I  for  its  diagonal.     The  force  M I  is  equivalent 
to  M  t  lying  in  the  plane  of  the  Moon^s  orbit,  and  M« 
perpendicular  to  it    By  the  force  M  t  the  Moon  is  acce- 
lerated or  retarded,  and  has  her  gravitation  to  the  Earth 
augmented  or  diminished,  while  the  force  M  m  draws  the 
Moon  out  of  the  plane  N  C  M ;  or  that  plane  is  made  to 
shift  its  portion,  so  that  its  intersection  NN'  shifts  its  plioe 
a  little.     The  inclination  of  the  orbit  to  the  ecliptic  also  ii 
affected.     Let  a  plane  1 1  €r  be  drawn  through  1 1  perpen- 
dicular to  the  line  N  N'  of  the  nodes.     The  line  £  6  b 
perpendicular  to  this  plane,  and  therefore  to  the  lines  G I 
and  6f.    Also,  It  G  is  a  riglit  angle,  because  It  was 
drawn  perpendicular  to  the  plane  M  »  G  £. 

Now,  if  £  M  be  considered  as  the  radius  of  the  taUes, 
M  fi  is  the  sine  of  the  Moon'^s  distance  from  quadrature. 
Call  this  q.  Then  £1  =  3;.  Also,  making  £  I  radius, 
I  G  is  the  one  of  tlie  node^s  distance  from  the  line  of  sjzi- 
gy.  Call  thb  s.  Also,  IG  being  made  radius,  Ii  or  Mta  ■ 
is  the  sine  of  the  inclination  of  the  orbit  to  the  ecliptic 
Call  this  t. 

6 
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Thodbre  we  have    EMtEl  =  R:Sq 

EI  :  IG  =  R:* 
IG:M«i  =  R:f 

Thepefixe  EM  :  Mm  ::=^R' :  Sj^i 

« 

and  M  «i  =  3E  M  X  ^. 

'Hius  we  hate  obtuned  an  expression  of  the  foroe  M  ntf 
which  tends  to  change  the  position  and  inclination  of  the 
orbits  From  this  expresaon  we  may  draw  several  conclu- 
whidi  Hidieate  its  different  effects. 
Cor,  1.  This  force  vanidies^  that  is,  there  is  no  such 
when  the  Moon  is  in  quadrature.     For  then  q^  or 

die  fine  M  n,  is  nothing.    Now  q  being  one  of  the  nume^ 

• 

xicad  ftidan  of  the  numerator  of  the  fraction  %^ ,  the  frac^ 

tioD  itself  has  no  value.  We  eanly  perceive  the  physical 
cause  of  the  evanescence  of  the  foroe  M  m  when  M  oomes 
into  the  line  of  quadrature.  When  this  happens,  the 
whole  diaturbing  force  has  the  direction  A  E,  the  then  ra- 
£uB  vector,  and  is  in  the  plane  of  the  orbit  There  is  no 
such  feice  as  M  m  in  this  situation  of  things,  the  disturb* 
ing  fixoe  being  whoUy  employed  in  augmenting  the  Moon^s 
gravintioB  to  the  Earth. 

2.  Tlie  force  M  m  vanishes  also  when  the  nodes  are  in 
the  syagy.  For  there  the  faetor  s  in  the  numerator  van« 
khess  We  perceive  the  physiosl  reason  of  this  also.  For 
when  the  nodes  are  in  the  syzigies,  the  Sun  is  in  the  plane 
of  the  orbit ;  or  this  plisne,  if  produced,  passes  through 
the  Sun.  In  such  case,  the  disturbing  force  is  in  the  plane 
of  the  orUt,  and  can  have  no  part,  M  m  acting  out  of  that 
plane. 

3.  The  chief  varieties  of  the  force  M  m  depend,  how- 
ever, on  tf,  the  sine  of  the  node^s  distance  from  syzigy< 
For  in  every  revolution,  q  goes  through  the  same  series  of 
successive  values,  and  t  remains  nearly  the  same  in  all  re« 
voluticms.      Therefore,  the  cvcumstance  which  will  most 
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distinguish  the  difFerent  lunations  is  the  atuation  of  the 
node. 

29S.  This  force  bends  the  Moon^s  path  toward  the  cclip- 
tic,  when  the  pmnts  M  and  I  are  on  the  same  side  of  the 
line  of  the  nodes,  but  bends  it  away  Jrom  the  ecliptic  when 
N  lies  between  I  and  M.  This  circumstance,  kept  firmly 
in  mind,  and  considered  with  care,  will  explain  all  the  de- 
viations ooca^oned  by  the  force  M  fit.  Thus,  in  the  situa^ 
tion  of  the  nodes  represented  in  the  figure,  let  the  Moon 
set  out  from  conjunction  in  C,  moving  in  the  arch  CMAO. 
All  the  way  from  C  to  A,  the  disturbing  force  M I  is  be- 
low  the  elevated  half  N  M  N'  of  the  Moon^s  orbit  between 
it  and  the  ecliptic,  and  therefore  the  force  M  m  pulls  the 
Moon  out  of  the  plane  of  her  orbit  toward  the  ecliptic 
The  same  thing  happens  during  the  Moon'*s  motion  front 
N  to  C.  This  will  appear  by  constructing  the  same  kind 
of  parallelogram  on  the  diagonal  M I  drawn  from  any  point 
between  N  and  C. 

When  the  Moon  has  passed  the  quadrature  A,  and  is 
in  M\  the  force  M'  I'  is  both  above  the  ecliptic,  and  above 
the  elevated  half  of  the  Moon'*s  orbit.  This  will  aiq>ear 
by  drawing  M'^  perpendicular  to  £  N%  and  joining  ff  I\ 
The  line  M'^  is  in  the  orbit,  and  ^I'  is  in  the  ediptic, 
and  the  triangle  M'^I'  stands  elevated,  and  nearly  per- 
pendicular  on  both  planes,  so  that  M'  I'  is  above  them 
both.  In  this  case,  the  force  M'  m\  in  pulling  the  Moon 
out  of  the  plane  of  her  orbit,  separates  her  from  it  on  that 
ude  which  is  most  remote  from  the  ecliptic ;  that  is,  causes 
the  path  to  approach  more  obliquely  to  the  ecliptic.  The 
figure  36.  will  illustrate  this.  N'  I'  is  the  ecliptic,  and 
M'  N'  is  the  orbit,  both  seen  edgeways,  as  they  would  ap- 
pear to  an  eye  placed  in  <,  (35.)  in  the  line  N  N'  pro- 
duced beyond  the  orbit.  The  disturbing  force,  acting  in 
Uie  direction  M'  P,  may  be  resolved  into  M'p  in  the  direc- 
tion of  the  orbit  plane,  and  M'  m  perpendicular  to  it. 
The  part  M'  m\  being  compounded  with  the  simultaneous 
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motiaD  U'  q^  oompofies  a  motion  M'  r,  which  intersects  the 
ecfipdc  in  ft.     When  M',  in  Fig.  35,  gets  to  M'%  the  path 
k  Jgain  bent  toward  the  ecliptic,  and  continues  so  all  the 
way  fioin  N'  to  B,  where  it  begins  to  act  in  the  same  man- 
ner as  in  M'  between  A  and  N'. 

293.  By  the  action  of  this  lateral  force,  the  orbit  must 
be  continually  shifting  its  position,  and  its  intersection  with 
the  ecliptic ;  or,  to  speak  more  accurately,  the  Moon  is 
made  to  move  in  a  line  which  does  not  lie  all  in  one 
plane.  In  imagination,  we  conceive  an  orbital  material 
fine,  somewhat  like  a  hoop,  of  an  elliptical  shape,  all  in  one 
plane,  pasang  through  the  Earth,  and,  instead  of  conceiv- 
ing the  Moon  to  quit  this  hoop,  we  suppose  the  hoop  itself 
to  shift  its  poation,  so  that  the  arch  in  which  the  Moon  is, 
in  any  moment,  takes  the  direction  of  the  Moon'^s  motion 
in  that  moment.  Its  intersection  with  the  ecliptic  (per- 
haps  at  a  oonnderable  distance  from  the  point  occupied  by 
the  Moon)  shifts  accordingly.  This  hoop  may  be  con- 
caved  as  having  an  axis,  perpendicular  to  its  plane,  pass- 
11^  through  the  Earth.  This  axis  will  incline  to  one  ude 
from  the  pole  of  the  ecliptic  about  five  degrees,  and,  as 
the  fine  NN'  of  the  nodes  shifts  round  the  ecliptic,  thi^  ex- 
trenuty  of  this  axis  will  describe  a  circle  round  the  pole  of 
the  ecfipdc,  distant  from  it  about  5^  all  round,  just  as  the 
axis  of  the  Earth  describes  a  circle  round  the  pole  of  the 
ecfiptic,  distant  from  it  about  23^  degrees. 

f94.  When  the  Moon^s  path  is  bent  toward  the  ecliptic, 
she  must  cross  it  sooner  than  she  would  otherwise  have 
done.  The  node  will  appear  to  meet  the  Moon,  that  is, 
to  shift  to  the  westward,  in  antecedentid  signorum/or  to 
recede.  But  if  her  path  be  bent  more  away  from  the 
ediptic,  she  must  proceed  farther  before  she  cross  it,  and 
the  nodes  will  shift  in  consequcntid,  that  is,  will  advance. 

Cor.  1.  Therefore,  if  the  nodes  have  the  situation  re- 
presented in  the  figure,  in  the  second  and  fourth  quadrant, 
the  nodes  must  retreat  while  tho  Moon  describes  the  arch 
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N  C  A>  or  the  arch  I^'  O  B>  that  is,  while  she  passes  from 
a  node  to  the  next  quadrature.  But  while  the  Moon  de- 
scribes the  arch  A  N',  or  the  arch  B  N,  the  force  which 
puUs  the  Moon  from  the  plane  of  the  orbit,  causes  her 
to  pass  the  points  N'  or  N  before  she  reach  the  ecliptic, 
and  the  node  therefore  advances,  while  the  Moon  moves 
from  quadrature  to  a  node. 

It  is  plam,  that  the  contrary  must  happen  when  the 
nodes  are  situated  in  the  first  and  third  quadrants.  They 
will  advance  while  the  Moon  proceeds  from  a  node  to  the 
next  quadrature,  and  recede  while  she  proceeds  fit>m  a 
quadrature  to  the  next  node. 

Cor.  £.  In  each  synodical  revolution  of  the  Moon,  the 
nodes,  on  the  whole,  retreat.  For,  to  take  the  example 
represented  in  the  figure,  all  the  while  that  the  Moon 
moves  from  N  to  A,  the  line  M I  lies  between  the  orbit 
and  ecliptic,  and  the  path  is  continually  inclining  more  and 
more  towards  it,  and,  consequently,  the  nodes  are  all  this 
while  receding.  They  advance  while  the  Moon  moves 
from  A  to  N\  They  retreat  while  she  moves  &om  N'  to 
B,  and  advance  while  she  proceeds  from  B'  to  N.  The 
time,  therefore,  during  which  the  nodes  recede,  exceeds 
that  during  which  they  advance.  There  will  be  the  same 
difference  or  excess  of  the  regress  of  the  nodes  when  they 
arc  situated  in  the  angle  C  £  A. 

It  is  evident  that  the  excess  of  the  arch  N  C  A  above 
the  arch  BN  or  A  N',  is  double  of  the  distance  N  C  of  the 
node  from  syzigy.  Therefore  the  retreat  or  westerly  mo- 
tion of  the  nodes  will  gradually  increase  as  they  pass  fhim 
syzigy  to  quadrature,  and  again  decrease  as  the  node  passes 
from  quadrature  to  the  syzigy. 

Cor,  3.  When  the  nodes  are  in  the  quadratures,  the  la- 
teral force  M  m  is  the  greatest  possible  tlirough  the  whole 

revolution,  because  the  factor  8  in  the  formula  — ^    is 

then  equal  to  radius.     In  the  syzigies  it  is  nothing. 
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Tlie  nodes  make  a  complete  revolution  in  6803*^  S^  55' 
IS*,  but  with  great  inequality,  as  appears  from  what  has 
been  said  in  the  preceding  paragraphs.  The  exact  deter- 
mination of  their  motions  is  to  be  seen  in  Newton^s  Princi- 
pia,  B.  III.  Prop.  3S. ;  and  it  is  a  very  beautiful  example 
of  dynamical  analysis.  The  principal  equaUon  amounts 
to  V  ST  45^'  at  its  maximum,  and,  in  other  situations,  it 
is  proportional  to  the  sine  of  twice  the  arch  N  C.  The 
annual  n^ress,  computed  according  to  the  principles  of 
the  theory,  does  not  differ  two  minutes  of  a  degree  from 
what  is  actually  observed  in  the  heavens.  This  wonder- 
fiil  coincideQce  is  the  great  boast  of  the  doctrine  of  univer- 
sal gravitation.  At  the  same  time,  the  perusal  of  New- 
UhTs  investigation  will  shew  that  sudi  agreement  is  not  the 
cimoui  result  of  the  happy  simplicity  of  the  great  regulat- 
ing povrer;  we  shall  there  see  many  abstruse  and  delicate 
ciivunistances,  which  must  be  considered  and  taken  into 
the  aooount  before  we  can  obtain  a  true  statement 

This  motion  of  the  nodes  is  accompanied  by  a  variation 
of  the  inclination  of  the  orbit  to  the  ecliptic.  The  incli- 
nation increases,  when  the  Moon  is  drawn  from  the  eclip- 
dc  while  leaving  a  node,  or  toward  it  in  approaching  a 
node.  It  is  diminished,  when  the  Moon  is  drawn  toward 
the  edpdc  when  leaving  a  node,  or  from  it  in  approaching 
a  node.  Therefore,  when  the  nodes  are  situated  in  the 
first  and  third  quadrants,  the  inclination  increases  while 
the  Moon  passes  from  a  node  to  the  next  quadrature,  but 
it  dimini^es  till  she  is  90""  from  the  node,  and  then  in- 
creases  till  she  reaches  the  other  node.  Therefore,  in  each 
revdution,  the  inclination  is  increased,  and  becomes  con- 
tinually greater,  while  the  node  recedes  from  the  quadra- 
tare  to  the  syzigy ;  and  it  is  the  greatest  possible  when  the 
nodes  are  in  the  line  of  the  syzigies,  and  it  is  then  nearly 
5P  18'  30* .  When  the  nodes  are  situated  in  the  second 
and  fourth  quadrants,  the  inclination  of  the  orbit  dimin- 
ishes while  the  Moon  passes  from  the  node  to  the  90th 
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degree ;  it  is  increased  from  thence  to  the  quadrature,  and 
then  diminishes  till  the  Moon  reaches  the  other  node. 
While  the  nodes  are  thus  ntuated,  the  inclination  dimin- 
ishes in  every  revolution,  and  is  the  least  of  all  when  the 
node  is  in  quadrature,  and  the  Moon  in  syzigy,  being  then 
nearly  4^  58^  and  it  gradually  increases  again  till  the 
nodes  reach  the  line  of  syzigy.  While  the  nodes  are  in 
the  quadratures,  or  in  the  syzi^es,  the  inclination  is  not 
sensibly  changed  during  that  revolution. 

Such  are  the  general  effects  of  the  lateral  force  M  m, 
tliat  ^pear  on  a  slight  consideration  of  the  circumstances 
of  the  case.  A  more  particular  account  of  them  cannot 
be  given  in  this  outline  of  the  science.  We  may  just  add, 
that  the  deductions  from  the  general  principle  agree  pre- 
cisely with  observation.  The  mathematical  investigation 
not  only  points  out  the  periods  of  the  different  inequalities, 
and  their  relation  to  the  respective  positions  of  the  Sun 
and  Moon,  but  also  determines  the  absolute  magnitude  to 
which  each  of  them  rises.  The  only  quantity  deduced 
from  mere  observation  is  the  mean  inclination  of  the  Moon^s 
orbit.  The  time  of  the  complete  revolution  of  the  nodes, 
and  the  magnitude  and  law  of  variation  of  this  motion, 
and  the  change  of  inclination,  with  all  its  varieties,  are  de- 
duced from  the  theory  of  universal  gravitation. 

S95.  There  is  another  case  of  this  problem,  which  is 
considerably  different,  namely,  the  satellites  of  Dr  Her- 
schePs  planet,  the  planes  of  whose  orbits  are  nearly  per- 
pendicular to  the  orbit  of  the  planet.  This  problem  offers 
some  curious  cases,  which  deserve  the  attention  of  the  me- 
chanician ;  but  as  they  interest  us  merely  as  objects  of 
curiosity,  they  have  not  yet  been  considered. 

QQ6,  There  is  still  another  considerable  derangement  of 
the  lunar  motions  by  the  action  of  the  Sun.  We  have 
seen,  that  in  quadrature  the  Moon'*s  gravitation  to  the 
Earth  is  augmented  ^jg,  and  that  in  syzigy  it  is  dimin- 
ished if 9.     Taking  the  whole  sy nodical  revolution  to» 
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getfaer^  this  is  equivalent,  nearly^  to  a  diminution  of  r^, 

otyif*  That  is  to  say,  in  consequence  of  the  Sun's  ac- 
doo,  the  general  gravitation  of  the  Moon  to  theEartli 
is  y}f  kss  than  if  the  Sun  were  away.  If  the  Sun  were 
»wmy,  theicfiMre,  the  Moon's  gravitation  would  be  5}« 
greater  than  her  present  mean  gravitation.  The  conse* 
quenoe  would  be,  that  the  Moon  would  come  nearer  to  the 
Earth.  As  this  would  be  done  without  any  change  on 
her  velodty,  and  as  she  now  will  be  retained  in  a  smaller 
orfait,  she  will  describe  it  in  a  proportionally  leas  time;  and 
we  can  compute  exactly  how  near  she  would  come  before 
this  increased  gravitation  will  be  balanced  by  the  velocity 
We  must  conclude  fiom  this,  that  the  mean  distance  and 
the  mean  period  of  the  Moon  which  we  observe,  are  greater 
than  her  natural  distance  and  period. 

From  thb  it  is  plain,  that  if  any  thing  shall  increase  or 
diminish  the  action  of  the  Sun,  it  must  equally  increase  or 
dimiiwflh  the  distance  which  the  Moon  assumes  from  the 
Earth,  and  the  time  of  her  revolution  at  that  distance. 

Now,  there  actually  is  such  a  change  in  the  Sun's  action. 
When  the  Earth  is  tfi  perihelio^  in  the  beginning  of  Jan- 
uary, she  is  nearer  the  Sun  than  in  July  by  1  part  in  30 ; 
oonseqoently,  the  ratio  of  £  M  to  E  S  is  increased  by  ^9, 
or  in  the  ratio  of  SO  to  31.  But  her  gravitation  (and  con- 
sequently the  Moon's)  to  the  Sun  is  increased  ^^  or  in 
the  ratio  of  80  to  S2.  Therefore  the  disturbing  force  is 
increased  by  1  part  in  10  nearly.  The  Moon  must  there- 
fore retire  fiurther  from  the  Earth  1  part  in  1790.  She 
must  describe  a  larger  orbit,  and  employ  a  greater  time. 

We  can  compute  e3uu;tly  what  is  the  extent  of  this 
diange.  The  sidereal  period  of  the  Moon  is  2T  T  43', 
or  89343^  This  must  be  increased  tt'pij,  because  the 
Mood  retains  the  same  velocity  in  th^  enlarged  orbit. 
This  will  make  the  period  39365',  which  exceeds  the  other 
22^.     The  observed  difference  between  a  lunation  in  Jun- 
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uary  and  one  in  July  somewhat  exceeds  26'.  Tins,  whoi 
reduced  in  the  proportion  of  the  synodical  to  the  peiiodi- 
cal  revolution,  agrees  with  this  mechanical  conclusion  nith 

I 

great  exactness,  when  the  ccmiputatioa  is  made  with  due 
attention  to  eveiy  circumstance  thai  can  affect  the  ooncb^ 
sion.  For  it  must  be  remarked,  that  the  computatioQ  hem 
^ven  proceeds  on  the  legitimacy  of  assuming  a  general  di- 
minution of  y^T  of  the  Moon's  gravitation  as  eqiuvalent  to 
the  variable  change  of  gravity  that  really  takea  place.  In 
the  particular  drcumstances  of  the  case,  this  is  veay  netriy 
exact  The  true  method  is  to  take  the  av^age  of  all  the 
disturbing  forces  M  K  throi^h  the  quadrant,  multiplying 
each  by  the  time  of  its  action.  And  here  Euler  makes  a 
sagacious  remark,  that  if  the  diameter  of  the  Moon'^s  orbit 
had  exceeded  its  present  magnitude  in  a  vecy  consideimUe 
proportion,  it  would  scarcely  have  been  posable  to  assign 
the  period  in  which  she  would  have  revolved  round  the 
Earth ;  and  the  greatest  part  of  the  methods  by  whkh  the 
problem  has  been  solved  could  not  have  been  employed. 

297.  There  still  remains  an  anomaly  of  the  lunar  mo- 
tions that  has  greatly  puzzled  the  cultivators  of  physical 
astronomy,  Dr  Halley*  when  comparing  the  ancient  Chal- 
dean observations  with  those  of  modem  times,  in  ordar  to 
obtain  an  accurate  measure  of  the  period  of  the  Moon'*s  le- 
vcdution,  found,  that  some  observations  made  by  the  Ara- 
bian astronomers,  in  the  aghth  and  ninth  centuries,  did 
not  agree  with  this  measure.  When  the  lunar  period  was 
deduced  from  a  comparison  of  the  Chaldean  observations 
with  the  Arabian,  the  period^  was  sen»bly  greater  than 
what  was  deduced  from  a  comparison  of  the  Arabian  and 
the  modem  observations ;  so  that  the  Moon's  mean  motion 
seems  to  have  accelerated  a  little.  This  conduacm  was 
confirmed  by  breaking  each  of  these  long  intervals  into 
parts.  When  the  Chaldean  and  Alexandrian  observations 
were  compered,  they  gave  a  longer  period  than  the  Alex- 
andrian compared  with  the  Arabian  of  the  eighth  century; 
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and  dufl  hA  period  exceeded  what  is  deduced  from  a  com- 
ptrison  of  the  AraUan  with  the  modem  observations ;  and 
efsen  the  comparison  of  the  modern  observations  with  each 
otha*  shews  a  continued  diminution.  This  conjecture  was 
zeoeived  by  the  mechanical  philosophers  with  heatalion^ 
because  no  reason  could  be  asrigned  for  the  acceleration ; 
and  the  more  that  the  Newtonian  philosophy  has  been  cul- 
tivated, the  mofe  confidently  did  it  appear  that  the  mean 
distances  and  periods  could  sustain  no  change  from  the 
mntual  actkm  of  the  planets.  Nay,  M.  de  la  Grange  has 
St  kst  demonstrated,  that  in  the  solar  sjrstem,  as  it  exists, 
tins  ia  stricdj  true,  as  to  any  change  that  will  be  perma- 
nent :  all  is  periocfical  and  compensatory.  Yet,  as  obser- 
vation also  improved,  this  acceleration  of  the  Moon'^s  mean 
motion  became  undeniable  and  conspicuous,  and  it  is  now 
admiftfd  by  every  astronomer,  at  the  rate  of  about  11''  in 
a  century,  and  her  change  of  longitude  increases  in  the 
dopGeate  ratio  of  the  times. 

Various  attempts  have  been  made  to  account  for  this 
aooelenition.  It  was  imagined  by  several,  that  it  was  owing 
to  tbe.renstance  of  the  celestial  spaces,  which,  by  dimin- 
ishing the  progressive  velodty  of  the  Moon,  caused  her  to 
fall  witiun  her  preceding  orbit,  approaching  the  Earth 
condnuaDy  in  a  sort  of  elltpdcal  spiral.  But  the  free  mo- 
tion of  the  tols  of  comets,  the  rare  matter  of  which  seems 
to  meet  with  no  senrible  resistance,  rendered  this  explana- 
tion nnaatisfactory.  Others  were  disposed  to  think,  that 
gravity  did  not  operate  instantaneously  through  the  whole 
extent  of  its  influence.  The  application  of  this  principle 
£d  not  seem  to  be  obvious,  nor  its  eifects  to  be  very  dear 
ff  definite. 

At  hut,  M.  de  la  Place  discovered  the  cause  of  this  per- 
plexiiig  fact;  and  in  a  dissertation  read  to  the  Royal  Aca. 
demy  of  Sdences  in  1785,  he  shews,  that  the  acceleration 
of  the  Mcxm^s  mean  motion  necessarily  arises  from  a  small 
diangc  in  the  eccentricity  of  the  Earth's  orbit  round  the 
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Sun,  whieh  is  now  diminidiing,  and  will  continue  to  di* 
minish  for  many  centuries,  by  the  mutual  gravitatioii  d 
the  planets.     He  was  led  to  the  discovery  by  observing,  in 
the  series  which  expresses  the  increase  of  the  lunar  period 
by  the  disturbing  force  of  the  Sun  (a  seiies  formed  of 
sines  and  cosines  of  the  Moon's  angular  motion  and  tiieir 
multiples),  a  term  equal  to  ^^g  of  her  angular  modoa 
multiplied  by  the  square  of  the  eoc^tricity  of  the  Earth'i 
orbit.      Consequently,    when    this    eccentricity    becooef 
smaller,  the  natural'  period  of  the  Mo(m  is  less  enlarged 
by  the  Sun^s  action,  and  therefore,  if  the  Earth^s  eccentri- 
city continue  to  diminish,  so.will  the  lunar  period,  and  thii 
in  a  duplicate  proportion.     Without  entering  into  the  dis- 
cussion of  this  analyus,  which  is  abundantly  complicated, 
we  may  see  the  general  effect  of  a  diminution  of  the 
Earth''s  eccentricity  in  this  manner.      The  ratio  of  the 
cube  of  the  mean  distance  of  the  Earth  from  the  Sun  to 
the  cube  of  her  perihelion  distance,  is  greater  than  the  ra- 
tio of  the  cube  of  her  aphelion  distance  to  that  of  the  mean 
distance.     Hence  it  follows,  that  the  increase  of  the  mesa 
lunar  period,  during  the  smaller  distances  of  the  Eaith 
from  the  Sun,  is  greater  than  its  diminution  during  her 
greater  distances ;  and  the  sum  of  all  the  lunations,  during 
a  complete  revolution  of  the  Earth,  exceeds  die  sum  of 
the  lunadons  that  would  have  happened  in  the  same  time, 
had  the  Earth  remained  at  her  mean  distance  from  the 
Sun.     Therefore,  as  the  Earth's  eccentricity  diminishes, 
the  lunar  period  also  diminishes,  approximating  more  and 
more  to  h'er  period,  undisturbed  by  the  change  in  the  Sun's 
action.     M.  de  la  Place  finds  the  diminution  in  a  century 
=  11'',135,  which  differs  little  from   that  assumed  by 
Mayer  from  a  comparison  of  observations.     This  centurial 
change  of  angular  velocity  must  produce  a  change  in  the 
space  described,  that  is,  in  the  Moon's  longitude,'  in  the 
duplicate  proportion  of  the  time,  as  in  any  uniformly  ac- 
celerated motion.     Therefore  ir',135,  multiplied  by  the 
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the  number  of  centuries  forward  or  backward^ 
le  eorrection  of  the  Moon^s  longitude  computed 
lent  tables.  La  Place  finds,  that,  in  gcnng  back 
aldean  observations,  we  must  employ  another 
ly  ^  of  a  second)  multiplied  by  the  cube  of  the 
centuries.  With  these  corrections,  the  oompu- 
tbe  Moon^s  place  agrees  with  all  observations^ 
d  modem,  with  nxist  wonderful  accuracy ;  so 
no  longer  remains  any  phenomenon  in  the  sys- 
is  not  deducible  from  the  Newtonian  gravita- 

e  should,  before  concluding  this  account  of  the 
ins  of  the  planetary  motions,  pay  some  attention 
Lons  of  the  other  secondary  planets,  and  particu-^ 
ipiter^s  satellites,  seeing  that  the  exact  knowledge 
itions  is  almost  as  conducive  to  the  improvement 
jsk  and  geography  as  that  of  the  lunar  motions, 
s  no  room  for  this  discussion,  and  we  must  refer 
irtations  of  Wargentin,  Prosperin,  La  Place,  and 
I  have  studied  the  operation  of  phy&cal  causes  on 
planets  with  great  assiduity  and  judgment,  and 
"eatest  success-  The  httle  system  of  Jupiter  and 
s  has  been  of  immense  service  to  the  philosophi- 
vf  the  whole  solar  system.  Their  motions  are  so 
:,  in  the  course  of  a  few  years,  many  synodical 
!  accomplished,  in  which  the  perturbaUons  aris- 
heir  mutual  actions  return  again  in  the  same 
ly,  such  synodical  periods  have  been  observed  as 
^hole  system  again  into  the  same  reladvc  situa- 
lifierent  bodies.  And,  in  cases  where  this  is  not 
accomplished,  the  deficiency  introduces  a  small 
tsetween  the  perturbations  of  any  period  and  the 
ing  perturbations  of  the  preceding  one;  by 
as  another  and  much  longer  period  is  indicated,  in 
difference  goes  through  all  its  varieties,  swelling 
lum,  and  again  diminishing  to  nothing.    Thus 
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the  system  of  Jupiter  and  his  satellites,  as  a  sort  of  ejNUne 
of  die  great  solar  system,  has  suggested  to  the  sagadoui 
philosopher  the  proper  way  of  studying  the  great  systen, 
namely,  by  looking  out  for  similar  periods  in  iis  anomaliei^ 
and  by  boldly  asserting  the  reality  of  such  conespoo^ng 
equations  as  can  be  shewn  to  result  from  the  operatioD  of 
universal  gravitation.  The  fact  is,  that  we  have  now  the 
most  demonstrative  knowledge  of  many  such  periods  and 
equations,  which  could  not  be  deduced  from  the  obscra- 
tions  of  many  thousand  years. 

In  the  course  of  this  investigation,  M.  dc  la  Grange  Im 
made  an  important  observation,  which  he  has  demonstnial 
in  the  most  incontrovertible  manner,  namely,  that  it  neces- 
sarily results  from  the  small  eccentricity  of  the  planetazv 
ori)its— their  small  inclination  to  each  other—- the  immense 
biitk  of  the  Sun — and  from  the  planets  all  moving  in  one 
dbection— that  all  the  perturbations  that  are  observed,  nay 
all  that  can  exist  in  this  system,  arc  periodical,  and  are 
compensated  in  oppodte  points  of  every  period.  He  shews 
also  that  the  greatest  perturbations  arc  so  modontc,  that 
none  but  an  astronomer  will  observe  any  difference  between 
this  perturbed  state  and  the  mean  state  of  the  system.  Tbe 
mean  distances  and  the  mean  periods  remain  for  ever  tbe 
same.  In  short,  the  whole  assemblage  will  continue,  al- 
most to  eternity,  in  a  state  fit  for  its  present  purposes,  and 
not  distinguishable  from  its  present  state,  except  by  tbe 
prying  eye  of  an  astronomer. 

Cold,  we  think,  must  be  the  heart  that  is  not  affected  bj 
this  mark  of  beneficent  wisdom  in  the  Contriver  of  the 
magnificent  fabric,  so  manifest  in  selecting  for  its  connect- 
ing principle  a  power  so  admirably  fitted  for  continuing  to 
answer  the  purposes  of  its  first  formation.  And  he  rotist 
be  little  suscepdble  of  moral  impression  who  does  not  ftd 
himself  highly  obliged  to  the  Being  who  has  mode  him 
capable  of  perceiving  this  display  of  wisdom,  and  has  at- 
tached to  this  perception  sentiments  so  pleasing  and  dc- 
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liglitful.  The  extreme  simplicity  d*  the  constitution  of  the 
■dlar  system  is  perhaps  the  most  remarkable  feature  of  its 
beauty.  To  thb  drcumstance  are  we  indebted  for  the 
pleasure  affiurded  by  the  contemplation.  For  it  is  this  alone 
that  has  aUowed  our  limited  understanding  to  acquire  such 
a  oompiehenave  body  of  weH-founded  knowledge,  &r  ex* 
oeeding,  both  in  extent  and  in  accuracy,  any  thing  attained 
in  other  paths  of  philosophical  research.  But  we  have  not 
yet  seen  all  the  capabilities  of  tlus  wonderfuljpowcr  of  na» 
ture.  Let  us  therefore  still  follow  our  excellent  leader  in 
a  new  path  of  investigation. 

QfHie  Figures  ofAe  Planets. 

S99.  Sir  Isaac  Newton,  having  so  happily  explained  all 
the  phenomena  of  progressive  notion  exhibited  by  the 
heavenly  bodies,  by  shewing  that  they  are  all,  without  ex- 
ception, modified  examples  of  deflection  towards  one  ano* 
ther,  in  the  inverse  duplicate  ratio  of  the  distances,  was  in- 
duced to  examine  the  other  motions  observed  in  some  of 
those  bodies,  to  see  what  modification  these  motions  recav- 
ed  by  the  influence  of  universal  gravitation.  The  Sun,  and 
several  planets,  tym^round  their  axis.  The  study  of  celestial 
mechanism  is  not  complete,  till  we  see  whether  this  kind  of 
motion  is  in  any  way  influenced  by  jpravitation. 

It  does  not  appear,  at  first  consideration,  that  there  can 
be  any  great  mystery  in  the  mere  rotation  of  a  body  round 
its  axis.  It  seems  to  be  one  of  the  simplest  mechanical 
questions.  But  the  fact  is  just  the  opposite.  Before  the 
rotative  motion  that  we  observe  in  our  Earth  can  be  secur- 
ed, in  the  way  in  wUch  we  see  it  actually  performed,  ad- 
justments are  necessary,  which  are  very  abstruse,  and  re- 
quired all  the  sagadty  of  Newton  to  discover  and  appre« 
date ;  and  it  is  acknowledged  that  this  is  the  department 
of  physical  astronomy  where  his  acutencssof  discernment 
appears  the  most  remarkable.    It  is  also  the  class  of  phe- 
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nomena  in  which  the  effects  of  univenal  giBTitatioD  m 
most  oonvinciDgly  seen.  For  this  reason,  some  more  notke 
will  be  taken  of  the  rotation  of  the  planets,  and  of  its  cos> 
sequences,  than  is  usually  done  in  our  elementary  treatiHi 
But,  as  in  the  other  departments,  so  here,  it  is  only  tiie 
more  ample  and  general  fiK^  that  can  be  consdersd.  To 
go  a  very  nnall  step  beyond  these,  engages  us  at  onoe  b 
the  mMt  difficult  problems,  which  have  occupied  and  still 
occupy  the  first  mathemaddans  of  Europe,  and  require  aU 
the  resources  of  their  science.  Such  discussion,  howefcr, 
would  be  unsuitable  here.  But  without  some  attempt  of 
this  kind,  we  must  remain  ignorant  of  the  mechanism  of 
some  phenomena,  more  familiar  and  important  than  many 
of  those  which  we  have  already  discussed. 

When  a  body  turns  round  an  axis,  each  particle  describes 
a  drcle,  to  which  this  axis  is  perpendicular.  Now  we  knov 
that  a  particle  of  matter  cannot  describe  a  circle,  unless  some 
deflecting  force  retain  it  in  the  periphery.  In  ooberent 
masses,  this  retaining  force  is  supplied  by  the  cohesioo.  But 
even  this  is  a  limited  thing.  A  stone  may  be  so  briskly 
whirled  about  in  a  sling,  that  the  cord  will  break.  Grind- 
stones are  sometimes  whirled  about  in  our  manufactures 
with  such  rapidity  that  they  split,  and  the  pieces  fly  off 
with  prodigious  force.  If  matters  be  lying  loose  on  the 
surface  of  a  revolving  planet,  their  gravitation  may  be  in- 
sufficient to  retain  them  in  that  velocity  of  rotation.  In 
every  case,  the  force  which  actually  retains  such  loose  bodies 
on  the  surface  can  be  found  only  in  their  weight ;  and  part 
of  it  is  thus  expended,  and  they  continue  to  press  the 
ground  only  with  the  remainder.  If  the  velodty  of  rota- 
tion bo  increased  to  a  certfun  degree,  it  may  require  the 
whole  weight  of  the  body  for  its  supply.  If  the  velodty 
still  increase,  the  body  is  not  retained,  but  thrown  off.  If 
this  Earth  turn  round  in  84  minutes,  things  lying  on  the 
equator  might  remain  there ;  but  they  would  not  press  the 
ground,  nor  stretch  the  thread  of  a  plummet.     For  this  is 
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precbely  t^  time  in  which  a  planet  would  circulate  round 
the  Earth,  doae  to  the  surface,  moving  about  17  times 
faster  than  a  cannon  ball.  The  weight  of  the  body,  de- 
fleeting  it  16  feet  in  a  second,  just  keeps  it  in  the  circum- 
ference of  a  drde  close  to  the  surface  of  the  Earth.  The 
Earth,  turmng  as  fast,  will  have  the  planet  always  imme- 
diately above  the  same  point  of  its  surfiwe ;  and  the  planet 
will  not  appear  to  have  any  weight,  because  it  will  not  de- 
scend, but  keep  hovering  over  the  same  spot.  If  the  ro- 
tation were  still  swifter,  every  thing  would  be  thrown  off, 
as  we  see  water  flirted  from  a  mop  biiskly  whirled  round. 

800.  As  things  are  really  adjusted,  thisdoes  not  ha|q)en. 
But  yet  there  is  a  certmn  measureable  part  of  the  weight 
of  any  body  expended  in  keepng  it  at*  rest,  in  the  place 
where  it  lies  loose.  At  the  equator,  a  body  lying  on  the 
ground  describes,  in  one  second,  an  arch  of  15^  feet  near- 
ly. This  deviates  from  the  tangent  nearly  ^^  of  an  inch. 
This  is  very  nearly  y|,  part  of  16^^^  feet,  the  space  through 
which  gravity,  or  its  heaviness,  would  cause  a  stone  to  fall 
in  that  time.  Hence  we  must  infer  that  the  centrifugal 
tendency  arising  from  rotation  is  g}f  of  the  sensible  weight 
of  a  body  on  the  equator,  and  ^jy  of  its  real  weight  Were 
this  body  therefore  taken  to  the  pole,  it  would  manifest  a 
greater  heaviness.  If^  at  the  equator,  it  drew  out  the  scale 
of  a  q)ring  steelyard  to  the  diviaon  288,  it  would  draw  it 
to  880  at  the  pole. 

901.  M.  Richer,  a  French  mathematician,  going  to 
Cayenne  in  1672,  was  directed  to  make  some  astronomical 
observations  there,  and  was  provided  with  a  pendulum 
dock  for  this  purpose.  He  found  that  his  dock,  which  had 
been  carefully  adjusted  to  mean  time  at  Paris,  lost  above 
two  minutes  every  day,  and  he  was  obliged  to  shorten  the 
pendulum  ^j^  of  an  inch  before  it  kept  right  time.  Hence 
he  conduded,  that  a  heavy  body  dropped  at  Cayenne 
would  not  fall  193  inches  in  a  second.  It  would  fall  onlv 
about  19ih.     Richer  immediately  wrote  an -account  oF  this 
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very  siiigular  diminution  of  gntTity.  It  was  seoilted  by  al- 
most all  the  philoBcqibcra  of  EuMpe,  but  bas  been  oon- 
firmed  by  many  repetitions  of  the  experiment  Here  then 
is  a  direct  proof  that  the  heaviness  of  a  body,  whether  oon* 
udered  as  a  mere  pressure,  ex*  as  an  aocelenitiiig  force,  u 
empbyed,  and  in  part  expended,  in  keeping  bodies  united 
to  a  whirling  planet 

SOS.  These  oonsidemtions  are  not  new.  Erenbandent 
times,  men  of  reflection  entertained  such  thoughts.  The 
celdbrated  Roman  general  Polylnus,  one  of  the  most  intel- 
ligent philosophers  of  antiqui^,  is  quoted  by  Strabo,  as 
saying,  that  in  consequence  ef  the  Earth^s  rotation,  every 
body  was  made  lighter,  and  that  the  globe  itselfswelled  out 
in  the  middle.  Were  it  not  so,  says  he,  the  waters  of  the 
ocean  would  all  run  to  the  shores  of  the  torrid  aone^  and 
leave  the  polar  regions  dry.  Dr  Hooke  is  the  first  modem 
philosopher  who  professed  this  ojMuion.  Mr  Huyghens, 
however,  is  the  first  who  gave  it  the  pxjiper  attention.  Oc- 
cupied at  the  time  of  Richer^s  remark  with  his  pendulum 
docks,  he  took  great  interest  in  this  observation  at  Cayenne, 
and  instantly  perceived  the  true  cause  of  the  retardation  of 
Richards  clock.  He  perceived  that  pendulums  must  vibrate 
more  slowly,  in  proportion  as  their  situation  removes  them 
farther  from  the  axis  of  the  Earth ;  and  he  aseogned  the 
proportion  of  the  retardation  in  difierent  places. 

303.  Resuming  this  subject  some  time  after,  it  occurred 
to  him,  that  unless  the  Earth  be  protuberant  all  around 
the  equator,  the  ocean  must  overflow  the  lands,  increasing 
in  depth  till  the  height  of  the  water  compensated  for  its 
diminished  gravity.  He  considers  the  condition  of  the 
water  in  a  canal  reaching  fnnn  the  surface  of  the  equator 
to  the  centre  of  the  Earth  (suppose  the  canal  C  Q,  Fig. 
5.)  and  there  commumcating  with  a  canal  C  N  readiing 
from  the  centre  to  the  pole.  The  water  in  the  last  must 
retain  all  its  natural  gravity,  because  its  particles  do  not 
describe  cirdes  round  the  axb.     But  every  parUde  in  the 
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oolunm  CQ  reidiiiig  to  the  mirSace  of  the  equator  muit 
have  its  weight  dhnmirfied  in  proportion  to  its  distance 
fiom  the  centre  of  the  globe.  Therefore  the  whole  dimi- 
nution will  be  the  same  as  if  each  particle  lost  half  as  much 
as  the  outermost  partide  loses.  This  is  Tury  plain.  There- 
fere  these  two  onhimns  cannot  balance  each  other  at  the 
centre,  unless  the  equatoreal  column  be  longer  than  the 
polar  cohunn  by  jH  {^^^  ^®  extremity  of  this  column  loses 
y^lv  of  its  wdght  by  the  centrifugal  force  employed  in  the 
rotation.) 

Bebg  an  excellent  and  zealous  geometer,  this  subject 
seemed  to  merit  his  serioiui  study,  and  he  investigated  the 
form  that  the  ocean  must  acquire  so  as  to  be  tn  eqmfibrioi . 
TUs  he  did  by  inquiring  what  will  be  the  pontion  of  a 
plummet  in  any  latitude.  This  he  knew  must  be  perpen- 
dicular  to  the  surface  of  still  water.  On  the  suppoation  of 
gravity  directed  to  the  centre  of  the  Earth,  and  equal  at  all 
distances  from  that  centre,  he  constructed  the  meridional 
curve,  which  should  in  every  point  have  the  tangent  per- 
pencbcular  to  the  direction  of  a  plummet  detenmned  by  him 
on  these  prindples. 

804.  At  this  very  time,   another  drcumstance  gave  a 

peculiar  interest  to  this  question  of  the  figure  of  the  Earth. 

The  magniiicent  project  of  measuring  the  whole  arch  of 

the    meridian   which    passes   through  France  was  then 

carrying  on.      It  seemed  to  result  from  the  comparison 

al  the  lengths  of  the  different  portions  of   this  arch, 

that  the  degrees  increased  as  they  were  more  soudierly. 

This  made  the  academicians  employed  in  the  measure^ 

ment  conclude  that  the  Earth  was  of  an  egg-like  shape. 

This  was  quite  incompatible  with   the  reasoning  of  Mr 

Huyghens.     The  contest  was  carried  on  for  a  long  while 

with  great  pertinacity,  and  some  of  the  first  matheniati* 

cians  of  the  age  abetted  the  opinion  of  those  astronomers, 

and  the  honour  of  France  was  made  a  party  in  the  dispute. 

The  opinion  of  Mr  Huyghens,  the  greatest  ornament  of 

Vol.  III.  O 
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•cademy^  eoald  >no(  prevail;  indhBd  him  infineoces 
were  md^  in  tone  regpecta,  that  even  tha  impartiaL  mallie- 
mafkaam  were  diaBatiafied  with  them.  The  fiarm  which 
he  BBBogpifd  .to  the  meridian  was  Terjr  renwrkable,  cwmiitp' 
ing  of  two  paraboIcMdal  curves^  which  had  their  vertex  in 
tim  polefl^  and  their  bruichea  inteiaeeted  each  other  at  the 
equator^  there  forming  an  angular  ridge^  devated  about 
peven  milea  above  the  inscribed  sphere.  No  andi  ridge 
bad.been  observed  by  the  navigators  of  that  age,  who  had 
often  crossed  the  equator.  Nor  had  any  person  on  shore 
at  the  line  ofaaerved  that  two  plummets  near  each  other 
were  not  paralld,  but  sensiUy  ai^proached  each  other.  All 
this  was  unlike  the  ordinary  gradations  of  nature,  in  whieli 
we  observe  nothing  abrupt. 

305.  While  this  question  was  so  keenly  agitated  in 
France^  Mr  Newtoa  was  engaged  in  the  spccukticnis  whidi 
have  immortslixed  liis  name,  and  it  was  to  him  an  interest- 
ing tlung  to  know  what  torn  of  a  whirling  pfamet  was  com- 
patible with  an  equilibrium  of  all  the  forces  which  act  on 
its  part&i  He  therefore  took  the  question  up  in  its  most 
simple  form.  He  supposed  the  planet  completely  fluid, 
and  therefore  every  particle  is  at  liberty  to  change  its  fJace, 
if  it  be  not  in  perfect  equilibrium.  The  particles  all  attract 
one  another  with  a  force  in  the  inverse  duplicate  ratio  of 
the  distance,  and  they  are  at  the  same  time  actuated  by  a 
centrifugal  tendency,  in  consequence  of  the  rotation ;  or, 
to  express  it  more  accurately,  part  of  those  mutual  attrac- 
tions is  employed  in  keeping  the  particles  in  their  differoit 
circles  of  rotation.  He  demonstrated  that  this  waa  possi- 
ble, if  the  globe  have  the  form  of  an  elliptical  spheroid, 
compressed  at  the  poles,  and  protuberant  at  the  equator 
yix  P^^  o^  ^^^^  ^^^'  H®  <^  pointed  out  the  phenomena 
by  which  this  liiay  be  ascertained,  namely,  the  variation  of 
gravity  as  we  recede  from  the  equator  to  the  poles,  shew- 
ing  that  the  increments  of  sensible  gravity  are  as  the  squares 
of  the  sines  of  the  latitude.     This  can  easily  be  decided  by 


FIOTCUB  OF  THK  KAETH.  211 


with  nioe  pendulum  clocks*  He  ihewed  alio 
dwl  tbe  renttiniiig  gmvity ,  an  diffiarent  parts  of  the  Earth's 
mahoe,  it  imrensel j  praportioiial  to  the  distance  fiom  the 
flmlR^  when  estimated  in  the  directioo  of^the  centre,  &a 
ko.  His  demonstration  of  the  precise  elliptical  form  odii- 
■flU  in  pofing  two  things :  1st,  That  on  this  supposition^ 
fgnmtf  m  always  perp^Miicular  to  the  surface  of  the  wfhe^ 
raid :  Sd^  That  all  rectilineal  canals  leading  from  the  centre 
to  the  surfiMB  will  balance  one  another.  Therefore  the 
ocean  will  maintain  its  form. 

It  waa  aome  time  befiure  the  philosophy  of  Newtcm  could 
{■erail  in  France  orcr  the  hypothesis  of  the  French  phik^ 
sopher  Des  Cartes;  and  the  great  mathematician  Befi- 
noa]&  endecTDured  to  shew  that  the  obknig  fonn  of  the 
Eaith  winch  had  been  demonstrated  (he  says)  by  the 
meaBTOBBnt  of  the  d^rees,  was  the  effect  of  the  pressure 
of  the  folices  in  which  the  Earth  was  carried  about. 

flO&  Mr  Hermann,  a  mathematician  of  most  respectable 
taknta,  took  another  view  of  the  question  of  the  figure  of 
tfaeBardi.  Newton  had  demonstrated,  in  the  most  cooi- 
vmdag  mamwr,  that  partides  gravitated  to  the  c^itre  of 
nmilar  aolids,  or  portions  of  a  solid,  with  forces  propor- 
tions! to  their  distances  from  the  centre.  Hermann  availed 
hiiaadf  of  this,  and  of  another  theorem  of  Newton  founded 
on  it,  vis.  that  superfidal  gravity  in  -different  latitudes  is 
iaverseiy  as  the  distance  from  the  centre.  But  he  observed 
that  Newton  had  by  no  means  demonstrated  the  elliptical 
fimn,  but  had  merely  assumed  it,  or,  as  it  were,  guessed  at 
it  This  is  indeed  true,  and  his  application  is  made  by 
ascana  of  the  vulgar  rule  of  false  position.  Hermann, 
thenfiire,  set  lumsdf  to  inquire  what  form  a  fluid  will 
""aSRone  when  turning  toond  an  axis,  its  particles  atuated  in 
the  same  diameter  gravitating  to  the  centre  proportionally 
to  their  distance^  yet  exhibiting  a  superficial  gravity  in 
Afecnt  parts  inversely  as  the  distance  from  the  centre. 
He  found  it  to  be  an  ellipse,  wiUi  such  a  protuberancy. 
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that  the  radius  of  equator  is  to  the  semiaxis  in  the  subdup- 
licate  ratio  of  the  primitive  equatoreal  gravity  to  the  re- 
maining equatoreal  gravity.  This  gives  the  same  -prapx- 
tion  of  the  axes  which  had  been  assigned  by  Huyghens, 
though  accompanied  by  a  very  different  form.  He  then 
inverted  his  process,  and  demonstrated  the  perpendicularity 
of  gravity  to  the  surface,  the  equilibrium  of  canals,  and 
some  other  ccmditions  that  appeared  indispensable ;  and  he 
found  all  right.  This  confirmed  him  in  his  theory,  and  be 
found  fault  with  Dr  D.  Gregory,  the  commentator  of 
Newton,  for  adhering  to  Newton^s  form  of  the  ellipse.  He 
defied  them  to  point  out  any  fault  in  his  own  demonstra- 
tion of  the  elliptical  figure,  and  considered  this  as  sufficient 
for  proving  the  inaccuracy  of  the  Newtonian  conjecture, 
for  it  could  get  no  higher  name. 

807.  By  very  slow  degrees,  the  French  academicians  be- 
gan to  acknowledge  the  compressed  form  of  the  Earth,  and 
to  re-examine  their  observations,  by  which  it  had  seemed 
that  the  degrees  increased  to  the  southward.  They  now 
affected  to  find  that  their  measurement  had  been  good,  but 
that  some  circumstances  had  been  overlooked  in  the  calcu- 
lations, which  should  have  been  taken  into  the  account 
But  they  were  not  awai*e  that  they  were  now  vindicating 
the  goodness  of  their  instruments,  and  of  their  eyesight  at 
the  expence  of  their  judgment. 

All  these  things  made  die  problem  of  the  figure  of  the 
Earth  extremely  interesting  to  the  great  mathematical  phi- 
losophers. Newton  took  no  part  in  the  further  discusaioni 
being  satisfied  with  the  evidence  which  he  had  ibr  his  own 
determination  of  the  precise  species  of  the  terraqueous 
qpheroid.  His  philosophy  gradually  acquired  the  ascend- 
ancy ;  but  the  comparison  made  of  the  degrees  of  the  meri- 
dian, argued  a  smaller  ellipticity  than  he  had  assigned  to 
the  Earth,  on  the  supposition  of  uniform  density  and  pri- 
mitive fluidity.  He  liad,  however,  sufficiently  pointed  out 
i*irarieties  of  ellipticity  which  might  arise  from  a  differ- 
of  density  in  the  interior  parts.     These  were  acquies- 
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Gsd  la,  and  the  mathematiciaha  speculated  on  the  ways  by 
which  the  observations  and  the  theory  of  universal  gravita- 
tion might  be  ad^ed  to  each  other.  But,  all  this  while, 
the  original  problem  was  considered  as  too  difficult  to  be 
treated  in  any  case  remarkably  deviating  from  a  sphere; 
and  even  this  case  was  solved  by  Newton  and  his  followers 
only  in  an  indirect  manner. 

308.  The  first  person  who  attempted  a  direct  general 
solution,  was  Mr  James  Stirling.  In  1735,  he  communi- 
cated to  the  Royal  Society  of  London  two  elegant  propo- 
rtions, (but  without  demonstration)  which  determine  the 
form  of  a  homogeneous  spheroid  turning  round  its  axis, 
and  which,  when  applied  to  the  particular  case  ot  the  Earth, 
perfectly  coincided  witli  Newton^s  determination.  In  1737, 
Mr  Clairaut  communicated  to  our  Royal  Society,  and  also 
to  the  Royal  Academy  at  Paris,  very  elaborate  and  el^^t 
performances  on  the  same  subject,  which  he  afterwards  en- 
larged in  a  separate  publication.  This  is  tlie  completest 
work  on  the  subject,  and  is  full  of  the  most  curious  and 
valuable  research,  in  which  are  disaissed  all  the  circum- 
stances which  can  affect  the  ([ucstiuu.  It  is  also  remark- 
able for  an  example  of  candour,  very  rare  among  rivals  in 
literary  fame.  The  author,  in  extending  his  memoir  to  a 
more  complete  work,  quits  his  own  method  of  investi- 
gation, though  remarkable  for  its  perspicuity  and  neat^ 
ness,  for  that  of  another  mathematician,  because  it  was  su- 
perior; and  this  with  unaffected  acknowledgment  of  its 
superiority.  The  results  of  Clairaut's  theory,  perfectly 
cmncide  with  the  Newtonian  theory,  making  the  equatoreal 
diameter  to  the  polar  diameter  as  231  to  S30,  though  it  ia 
agreed,  by  all  the  mathematicians,  that  Newton'^s  method 
had  a  chance  of  being  inaccurate.  So  true  is  the  saying  of 
Darnel  Bernoulli,  when  treating  this  subject  in  his  theory 
of  the  tides,  ^*  Tlie  sagacity  of  that  great  man  (Newtm) 
'*  saim  clearly  through  a  mist  what  ot/iert  can  scarcely  die* 
"  cacer  thnntgh  a  microscope,'''' 
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Mr  Stirling  had  nid,  that  the  refolviiig  figure  was  not 
an  aecurate  elliptical  qdieroid,  but  approached  inBiiitelj 
near  to  it  Mr  Clairaut^s  folutions,  in  most  cases,  suppose 
tfie  sphermd  verj  nearly  a  sphere,  or  suppose  lines  and 
angles  equal  which  are  only  very  nearly  so.  Without  this 
allowance,  the  treatment  of  the  problem  seemed  impraeti. 
cable.  This  made  Mr  Stirling's  assertion  more  credited ; 
and  we  apprehend  that  it  became  the  genend  opinion,  that 
the  solutions  obtainable  in  our  present  state  of  mathemati* 
cal  knowledge  were  only  af^roidmations,  exact  indeed,  to 
any  degree  that  we  please,  in  the  oases  exhiUted  in  the 
figures  of  the  planets,  but  still  they  were  but  approadma- 
tions. 

309.  But,  in  1740,  Mr  M'Laurin,  in  a  dissertation  on 
the  tides,  whidi  shared  the  priee  given  by  the  Academy 
of  Paris,  demonstrated,  in  all  the  rigour  and  elegance  ci 
ancient  geometry,  that  an  homogeneous  dliptical  spheroid, 
of  any  eceenirieikf  whatever^  if  turning  in  a  pnqper  time 
round  its  axis,  will  for  ever  preserve  its  form.  He  gave 
the  rule  for  investigating  this  form,  and  the  ratio  of  its 
axes.  His  final  propositions  to  this  purpose,  are  the  same 
that  Mr  Stirling  had  communicated  without  demonstration. 
This  performance  was  much  admired,  and  settled  all  doubts 
about  the  figure  of  a  homogeneous  spheroid  turning  round 
its  axis.  It  is  indeed  equally  remarkable  for  its  simplicity, 
its  perspicuity,  and  its  elegance.  Mr  M^Laurin  had  no 
occarion  to  prosecute  the  subject  beyond  this  simple  case. 
Proceedmg  on  his  iiindamental  proportions,  the  mathemati- 
cal  philosophers  have  made  many  important  additions  to  the 
theory,  dut  it  still  presents  many  questions  of  most  difii. 
cult  solution,  yet  intimately  ooiftiected  with  the  phenomena 
of  the  solar  system. 

In  this  elementary  outline  of  physical  astronomy,  we 
cannot  discuss  those  thmgs  in  detail.  But  it  would  be  a 
ceptal  defect  not  to  include  the  general  theory  of  the  figure 
of  planets  which  turn  round  their  axes.     No  more,  how- 
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ever,  inll  be  attempted  than  to  ghew  thet  a  homogeMOus 
elliptieal  tpbeRud  will  answer  all  the  oonditions  that  tie 
required,  and -to  give  a  general  na^an  of  the  change  whidi 
a  ▼ariaUe  denntj  will  produee  in  diie  figure.* 

The  foUowing  lemma,  from  Mr  M^Laurin,  roust  be  pre- 
nuacda 

SIO.  Let  AEBQ  and  aebq  (Fig.  ST.)  be  two  con- 
oentric  and  nnular  elUpses,  having  their  shorter  axes 
A B  and  ub  coinciding.  Let  P  a L  toudi  the  interior  d- 
lipse  in  the  extremi^  a  of  the  shorter  axis,  to  whidi  let 
P  K,  a  cboid  of  the  exterior  ellipee  be  parallel,  and  there* 
fisre  eqnaL  Let  the  diords  of  and  aff  of  the  interior 
elKpse  make  equal  angles  with  the  axis^  and  join  their  ex- 
tremities by  the  chord  y^  peipendieular  to  it  in  t.  Draw 
F P  and  P G  parallel  to  a/anda^,  and  drawFH  and 
P I  perpendicular  to  P  K. 

TbeUf  PF  together  with  P6  are  equal  to  twice  at, 
when  PF  and  P G  lie  on  different  sides  of  PK.  But  if 
they  are  on  the  same  side  (as-P  F'  and  P  &)  then  zai  it 
equal  to  the  ^^Sereoce  of  P  F'  and  PG'. 

Draw  Kk  parallel  to  P  G  or  agy  and  therefore  equal  to 
P  F,  bdng  equally  inclined  to  K  P.  Draw  the  diameter 
M  C  s,  bisecting  the  ordinates  K  Ar,  P  G,  and  ag^  in  m,  #, 
and  Zj  and  cutting  P  K  in  ft. 

By  similarity  of  triangles,  we  have 

Km:Kn  =  P^:Pfi,  z=az:aC,=sag:abf 


*  The  Btudent  will  oonsolt,  with  adr^mtage^  the  original  dtaserU* 
tiOM  ef  Mr  dainrat  and  Mr  M^Lanitn,  and  the  great  additions  made' 
hy  the  last  in  hia  valuable  wofk  en  Floxiona.  The  Cosmogrofbia  ^ 
Frinms,  ako  oontaina  a  verj  excellent  epitome  of  all  that  has  bcea 
done  before  his  time  ;  and  the  Mechanique  Celeste  of  La  Plaetf  oon- 
taina some  y&rr  curious  and  recondite  additions.  A  work  of  F.  Bosm 
ccvieh,  on  the  figure  of  the  Earth,  has  peculiar  merit  This  author^ 
by  enplojing  geometrical  expressions  of  the  acting  fbroes,  whererer 
it  can  be  cbne,  givea  ns  very  dear  ideas  of  the  lal^t. 
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Therefisre  Km  +  ?s:Kn  +  Fn  =  aff:ab9 

and  KkiorFF)+VG:»FK  =  »ag:»ab, 

and  VF  +  FG:»ag=2FK:ftab; 

andy  by  similarity  of  triangles,  we  have 

But,  2PK  =  2a6.     Therefore  PH  +  PI=2at,  and 
FT  — PH'  =  2ai'. 

311.  het  the  two  planea  AG^B(Fig.  Sa)  AE^B, 
intersecting  in  the  Une  A  B,  and  containing  a  very  small 
angle  G  A  £,  be  supposed  to  comprehend  a  thin  elementa- 
ry wedge  or  slice  of  a  solid  consisting  of  gravitating  matter. 
If  two  planes  G  P  E,  F  P  D,  standing  perpendicuhirly  od 
the  plane  A  D  d  B,  contain  a  very  small  angle  EPD,  they 
will  comprehend  a  slender  or  elementary  pjrramid  of  thb 
slice,  having  its  vertexinP,  and  a  quadrilateral  baseGEDF. 
If  two  other  planes  gpe^J^pdy  be  drawn  from  another 
point  p,  respectively  parallel  to  the  planes  G  P  E,y*p4 
they  will  comprehend  another  pyramid,  having  its  sides 
parallel  to  those  of  tlie  other,  and  containing  equal  angles, 
and  the  elementary  pyramids  ¥  P  E,  jTp  e,  may  therefore 
be  considered  as  similar.  The  base  gcdj*  is  not  indeed 
always  parallel  and  similar  to  G  E  D  F.  But  for  each  of 
them  may  be  substituted  spherical  surfaces,  having  their 
centres  in  P  and  in^,  and  then  they  will  be  similar. 

The  gravitation  of  a  particle  P  to  the  pyramid  G  P  D 
is  to  the  gravitation  of  p  to  the  pyramid  gp  d  as  any  side 
P  D  of  the  one  to  the  homologous  side  pd  of  the  other. 
This  is  evident  by  what  has  already  been  shewn. 

The  same  proportion  will  hold  when  the  absolute  gravi- 

•  tation  in  the  direction  of  the  axis  of  the  pyramid  is  estimated 

in  any  other  direction,  such  as  P  m.     For  drawing  pn  fRr 

raOel  to  Pm,  and  the  perpendiculars  Dm,  dn,  it  is  plain 

that  therado  PD:pd  =  Pm:pf»,  =  Dm:d». 

'this  proposition  b  of  most  extensive  use.    For  we  thus 
late  the  gravitation  of  a  particle  to  any  solid,  by  re- 
it  into  elementary  pyramids ;  and  having  found  tlie 
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gnmtatkai  to  each,  aod  reduced  them  all  to  one  directkni, 
the  ijggRgate  of  the  reduced  forces  is  the  whole  grayita* 
tjoD  of  the  partide  estimated  in  that  Erection.  The  ap- 
pBcation  of  this  is  greatly  expedited  by  the  following 
theorem. 

312?  Two  particles  similarly  situated  in  respect  of  sinu- 
lar  solids,  that  is  to  say,  situated  in  similar  points  of  homo- 
kjgous  fines,  have  their  whole  gravitations  proportional  to 
any  homologous  hnes  of  the  solids. 

For,  we  can  draw  through  the  -two  particles  straight  lines 
similarly  posited  in  respect  of  the  solids,  and  then  draw 
planes  pasang  through  those  lines,  and  through  similar 
poDits  of  the  solids.  The  sections  of  the  solids  made  by 
those  two  planes  must  be  similar,  for  they  are  similarly 
placed  in  nmilar  solids.  We  can  then  draw  other  planes 
tfarough  the  same  two  straight  lines,  containing  with  the 
former  planes  very  small  equal  angles.  The  sections  of 
these  two  jdanes  will  also  be  similar,  and  there  will  be  com- 
prdiended  between  them  and  the  two  former  planes  similar 
slioes  of  the  two  solids. 

We  can  now  divide  the  slices  into  two  seriescs  of  similar 
pyramids,  by  drawing  planes  such  as  G  P  E,  gp  e,  and 
FPD,yjprf,  of  Fig.  88.  the  points  P  and  p  being  suppo- 
sed in  different  lines,  related  to  each  of  the  two  solids.    By 
the  reasonings  employed  in  the  lost  proposition,  it  appears 
that,  when  the  whole  of  each  slice  is  occupied  by  such  pyra- 
mids, the  gravitations  to  the  corresponding  pyramids  are 
all  in  one  proportion.     Therefore,   the  gravitation   com- 
poonded  of  them  all  is  in  the  same  proportion.     As  the 
whole  of  each  of  the  two  similar  slices  may  be  thus  occupied 
by  serieiea  of  nmilar  and  similarly  situated  pyramids,  so 
the  whole  o£  eadi  of  the  two  similar  solids  may  be  occupied 
by  nmilar  slices,  consisting  of  such  pyramids.    And  as  the 
compound  gravitations  to  those  slices  are  nmilarly  formed, 
they  are  notdnly  in  the  proportion  of  the  homologous  lines 
of  the  solids,  but  they  are  also  in  similar  directions.    There- 
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foK,  fioallj,  the  gmvitadoiis  eompoundad  of  them  oom* 
pound  gimvitadons  are  nmilarly  oompouaded*  «id  are  in 
'  the  same  prppcHrtion  asaiiy  bomokgous  liDCB  of  te 

These  thiogs  being  premiaed,  we  proceed  to  oonader  the 
particular  case  of  elliptical  spheroids. 

813.  Let  AEBQ,  a^ebq  (Fig.  S7.)  be  oonoentfic  and 
amilar  eUipees,  which,  by  rotatioii  round  their  shorter  axia 
AabBf  generate  similar  concentric  qdic«iid&  We  may 
notice  the  following  particulars. 

814i»  (a)  A  particle  r,  on  the  surfiMse  of  the  interior 
q)heroid,  has  no  tendency  to  move  in  any  direction  in  ooop* 
sequence  of  its  gravitation  to  the  matter  oontained  bctweea 
the  surfaces  of  the  exterior  and  interior  sphenndai  For, 
drawing  through  r  the  straight  line  JfrtQf  it  is  an  ordw 
nate  to  some  diameter  C  M,  which  bisects  it  in  #.  The 
part  r  t  comprehended  by  the  interior  spheroid  b  also  an. 
ojndinate  to  the  same  diameter,  and  is  bisected  in  «•  There- 
fore P  r  is  equal  to  ^  6.  Now,  r  may  be  oonoeived  as  at 
the  vertex  of  two  similar  cones  or  pyramids,  on  the  com. 
mon  axis  P  r  6.  By  what  was  demonstrated  in  art  824. 
and  311,  it  appears,  that  the  gravitation  of  r  to  the  matter 
of  the  cone  or  pyramid,  whose  axis  is  r  P,  is  equal  and 
opposite  to  the  gravitation  to  the  matter  contained  ia  the. 
Jrustum  of  the  similar  cone  or  pyramid,  whose  axis  vitGr. 
As  this  is  true,  in  whatever  direction  P  r  G  be  drawn 
through  r,  it  follows,  that  r  is  in  equilibrio  in  every  di^ 
rection,  or  it  has  no  tendency  to  move  in  any  direction. 

815.  (b)  The  gravitations  of  two  particles,  P  and  p, 
(Fig.  39.)  situated  in  one  diameter  P  C,  are  proportion* 
al  to  their  distances  P  C,  /;  C,  from  the  centre.  For 
the  gravitation  of  p  is  the  same  as  if  all  the  matter  be- 
tween the  surfiices  A  £  B  Q  and  a  e  bq  were  away  (by  the 
last  article),  and  thus  P  and  p  axe  riroilarly  situated  on  si- 
milar sdids ;  and  P  C  and  ji  C  are  homologous  lines  of 
those  solids;  and  the  propositicHi  is  true^  by  Act  812. 


FIfiVBB  09  TSB  BAWTH.  019 


316*  (f )  AU  iMTticlts  equally  diiUnt  finom  the  pkne  of 
the  cqBHor  gntYiaile  towardi  that  plane  with  equal  lorcea. 

LctP  be  the  partide,  (Fig.  87.)  and  Fa  a  Une  per. 
piriinilar  to  the  axi^  and  parallel  to  the  equator  £  Q, 
Let  F  d  be  perpendicular  to  the  equator.  Let  aebq  he 
the  wedoQ  of  a  conoentric  and  similar  spheroid,  having  Hs 
aida  a  b  roinckKng  with  A  B»  Drawing  any  ordinate  ^g 
to  the  diameter  a&  of  the  interior  ellipse,  join  ay*  and  ag^ 
and  draw  P  F  and  P  G  parallel  to  a/'  and  a  g^  and  there- 
fixe  making  equal  angles  with  F  d  K.  LetJ'g  cut  a6  in 
f,  and  draw  F  H,  61,  perpendicular  to  F  L 

The  Knea  F  F  and  F  G  may  be  conndered  as  the  axes 
of  two  Tery  slender  p3nramids,  comprehended  between  the 
plane  off  the  figure  and  another  plane  intersecting  it  in  the 
line  PaLy  and  making  with  it  a  very  minute  angle. 
These  pynunids  ere  constituted  acoxrding  to  the  condi* 
tiooi  descrSied  in  art  811.  The  lines  a^  ag^  are,  in  like 
manner,  the  axes  of  two  p3rramid8,  whose  sides  are  parallel 
to  those  of  P  F  and  P  G.  The  gravitation  of  P  to  the 
maSta*  eoetained  in  the  pyramids  P  F  and  P  G,  and  the 
graritadon  of  a  to  the  pyramids  aj*  and  agj  are  as  the 
fines  PF,  FG,  af^  anda^,  respecdvely.  These  gravis 
ttfiona,  estimated  in  the  direction  P  d,  a  C,  perpendicular 
to  the  equator,  are  as  the  lines  P  H,  PI,  at,  a  j,  respec- 
tively. Now  it  has  been  shewn,  (310.)  that  P  H  -f  P  I 
are  equal  to  a  i  -f  ^  J-  Therefore  the  gravitations  of  P 
to  this  pwr  of  pyramids,  when  estimated  perpendicularly 
to  the  equator,  is  equal  to  the  gravitation  of  a  to  the  cor- 
rsspnpding  pyramids  lying  (m  the  interior  ellipse  aebq. 

It  is  evident,  that  by  carrying  the  ordinate  ^g  along 
the  whole  diameter  from  6  to  a,  the  lines  ajl  ag^  will  di- 
vctge  moie  and  more  (always  equally)  from  a  &,  and  the 
pyiBouda  of  which  these  line»are  the  axes,  will  thus  occu* 
py  the  whoie  warbce  of  the  interior  ellipse.  And  the  py« 
nmids  oo  the  axes  P  F  and  P  G,  will,  in  like  manner, 
occapy  the  whole  of  the  e?^tcrior  ellipse.     It  is  also  evi- 
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dent,  that  the  whole  gravitation  of  P,  estimated  in  the  di- 
rection P  d,  ariang  fxinn  the  oombined  grayitations  to 
every  pair  of  pyramids  estimated  in  the  same  direction,  is 
equal  to  the  whole  gravitation  of  a,  arising  from  the  com- 
bined gravitation  to  every  corresponding  pair  of  pyranudi 
That  is,  the  gravitation  of  P  in  the  direction  P  (2  to  the 
whole  of  the  matter  contained  in  the  elementary  sfice  of 
the  spheroid  comprehended  between  the  two  planes  wlndi 
intersect  in  the  line  P  a  L,  is  equal  to  the  gravitaticHi  of  a 
to  the  matter  contained  in  that  part  of  the  same  slice  whidi 
lies  within  the  interior  spheroid. 

But  this  is  not  confined  to  that  slice  which  has  the  d- 
lipse  A  E  B  Q  for  one  of  its  bounding  planes.  Let  the 
spheroid  be  cut  by  any  other  plane  passing  through  the 
line  P  a  L.  It  is  known  that  this  section  also  is  an  ellipie, 
and  that  it  is  concentric  with,  and  similar  to  the  ellipse 
formed  by  the  intersection  of  this  plane  with  the  interior 
spheroid  aebq.  They  arc  concentric  similar  ellipses,  al- 
though not  similar  to  the  generating  ellipses  AEBQ  and 
aebq.  Upon  this  section  may  another  slice  be  formed  by 
means  of  another  section  through  P  a  L,  a  little  more 
oblique  to  the  generating  ellipse  AEBQ.  And  tlie  soli- 
dity of  this  section  may,  in  like  manner,  be  occupied  by 
pyramids  constituted  according  to  the  conditions  mentioned 
in  art.  312. 

From  what  has  been  demonstrate<l,  it  appears  that  the 
gravitation  of  P  to  the  whole  matter  of  this  slice,  estimated 
in  the  direction  perpendicular  to  P  a  L,  is  equal  to  the 
gravitation  of  a  to  the  matter  in  the  portion  of  this  slkse 
contained  in  the  interior  spheroid. 

Hence  it  follows,  that  when  these  slices  are  taken  in 
every  direction  through  the  line  P  a  L,  they  will  occupy 
the  whole  spheroid ;  and  that  the  gravitation  of  P  to  the 
ter  in  the  whole  solid,  estimated  perpendiculariy  to 
L,  is  equal  to  the  gravitation  of  a  to  the  matter  that  is 
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contained  in  the  interior  spherad,  estimated  in  the  same 
manner. 

This  grayitation  will  certMnly  be  in  the  direction  fear- 
peodicular  to  the  plane  of  the  equator  of  the  two  spheroids. 
For  the  slices  which  compose  the  solid,  all  passing  through 
the  generating  ellipse  A  £  B  Q,  may  be  taken  in  pairs, 
each  pair  conasting  of  equal  and  similar  slices,  equally  in- 
clined to  the  jdane  of  the  generating  ellipse.  The  gravita- 
tions to  each  slice  of  a  pur  are  equal,  and  equally  inclined 
to,  the  plane  A  £  B  Q.  Therefore  they  compose  a  gra^ 
tation  in  the  direction  which  bisects  the  angle  contained  by 
the  slices,  that  is,  in  the  direction  of  the  plane  A  £  B  Q, 
and  parallel  to  its  axis  A  B,  or  perpoidicular  to  the  equa- 
tor. 

From  all  this  it  follows,  that  the  gravitation  of  P  to  the 
whole  sphermd,  when  estimated  in  the  direction  P  d  per- 
pendicular to  the  plane  of  its  equator,  is  equal  to  the  gra- 
vitation of  a  to  the  interior  spheroid  aebq^  which  is  evi- 
dently in  the  same  direction,  being  directed  to  the  cen- 
tre C. 

In  Uke  manner,  the  gravitation  of  another  particle  P'  (in 
the  line  P  a  L),  in  a  direction  perpendicular  to  the  equa- 
tor of  the  spheroid,  is  equal  to  the  gravitation  of  a  to  the 
interior  spheroid  aebq  ;  for  P'  may  be  conceived  as  on 
the  surface  of  a  concentric  and  similar  spheroid.  When 
tlius  situated,  it  is  not  affected  by  the  matter  in  the  sphe- 
roidal stratum  without  it,  and  therefore  its  gravitation  is 
to  be  estimated  in  the  same  way  with  that  of  the  particle 
P.  Consequently,  the  gravitation  of  P  and  of  P',  esti- 
mated in  a  direction  perpendicular  to  the  equator,  are 
equal,  each  being  equal  to  the  central  gravitation  of  a  to 
the  spheroid  aebq.  Therefore,  all  particles  equidistant 
from  the  equator  gravitate  equally  toward  it. 

317.  (d)  By  reasoning  in  the  same  manner,  we  prove, 
that  the  gravitation  of  a  particle  P  in  the  direction  p  a, 
perpendicular  to  the  axis  A  B,  is  equal  to  the  gravituUon 

1 
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and  therefore  all  particles  equidistant  from  the  axis  gimvi* 
tat9  equally  in  a  direction  petpendicular  to  it.- 

318.  (e)  The  gravitation  of  a  panicle  to  die  qiheraidy 
estimated  in  a  direction  perpendicular  to  the  equator,  or 
perpendicular  to  the  axis,  is  propcMiional  to  its  distance 
fiom  the  equator^  or  ftom  the  axis.  For  the  gpmtatioo 
of  P  in  the  direction  Pd  is  equal  to  the  gravitation  of  a 
to  the  qihoroid  aebq.  But  the  gravitatidtt  of  a  to  the 
spheroid  aebq^  is  to  the  gravitation  ofAto  ABBQ  as 
A  C  to  A  C  (818.)  Therefore  the  gravitation  of  P  in  the 
dBrectkm  P  d  is  to  the  gravitation  of  A  to  the  spheroid 
AEBQasACtoAC,  orasPJtoAC;  and  the  same 
may  be  proved  of  any  other  particle.  The  gravitation,  of 
A  b  to  the  gravitation  c^  any  particle,  as  the  distance  AC 
is  to  the  distance  of  that  particle.  All  partides,  therefim, 
gravitate  towards  the  equator  proportionally  to  their  dis* 
tancesfrom  it. 

In  the  same  manner  it  is  demonstrated,  that  the  gravis 
tation  of  £  to  the  spheroid  in  the  direction  E  C  perpendi- 
cular to  the  axis,  is  to  the  gravitation  of  any  particle  F  in 
the  same  direction  as  E  C  to  P  a,  the  distance  of  that  par« 
tide  from  the  axis. 

Therefore,  &c. 

319.  (y*)  We  are  now  able  to  ascertain  the  direction 
and  intensity  of  the  compound  or  absolute  gravitation  of 
any  particle  P. 

For  this  purpose,  let  A  represent  the  gravitatbn  of  the 
particle  A  in  the  pole,  and  E  the  gravitation  of  a  particle 
£  on  the  surface  of  the  equator ;  also,  let  the  force  with 
which  P  is  urged  in  the  direction  P  d  be  expressed  ^by  the 
symbol  Jl  P  d,  and  let^^  Pa  express  its  tendency  in  the 
direction  P  a.     We  have, 

f,  Pd:  A  =  Pd:  AC 
and  A  :  E  =  A  :  E 

and      E:^Pa  =  EC:Pfl.    Therefore 
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Now,  vake  dCfdvsAxEC  :  Ex  AC,  ud  dittw 
Pv.  Websvenow/,  Fd:jf;Pa=:PdxdC:  PtfMdv, 
=  P<I  xPa:  Paxdv,  =Pd  :  dv.  P  is  dierdore 
iBged  by  two  ferees,  in  the  direetioiis  P  d  ind  P  a,  and 
these  fiocces  are  in  the  proportion  o(F  d  and  d  v.  There- 
fixe  the  oompound  force  has  the  direcUon  P  v. 

MoreoTcry  this  compound  force  is  to  the  gravity  at  the 
pole,  or  the  gravitation  of  the  particle  A,  as  P  v  to  A  C. 
For  the  force  P  v  is  to  the  force  PdasPvtoPd;  and 
die  ferae  PdistoAasPd  to  AC.  Therefore  the  force 
PvistD  AasPvtoAC. 

In  like  manner,  it  may  be  compared  widi  the  force  at  EL 
HakeaC  :  a«  =  E  x  CA  :  A  x  CE.  We  shall  then 
have^  Pa:^  Pd  =  Pa  :  att;  and  the  force  in  the  di- 
TectionPo,  when  compounded  with  that  in  the  direction 
P  dj  form  a  force  in  the  direction  P«,  and  having  to  the 
force  at  £  the  proportion  of  Vu  to  E  C. 

Thus  have  we  obtained  the  direction  of  gravitation  for 
any  individiial  particle  on  the  surface,  and  its  magnitude 
when  compared  with  the  forces  at  A  and  at  E,  which  are 
supposed  known. 

890.  (g)  But  it  is  necessary  to  have  the  measure  of  the 
leeamalated  force  or  pressure  occasioned  by  the  gravita- 
lioQ  gC  a  column  or  row  of  particles. 

Draw  the  tangent  E  T,  and  take  any  portion  of  it,  such 

as  £T,  to  represent  the  gravitation  of  the  pertide  E.   J<nn 

CT,  cutting  the  perpendicular  d)  in  ).     Since  the  gravi- 

titioDa  of  particles  in  one  diameter  are  as  their  distances 

fimm  the  centre' (S15.)  d^  will  express  the  gravitation  of  a 

partide  d.     Thus,  the  gravitation  of  the  whole  column 

E  C  win  be  represented  by  the  area  of  the  triangle  C  ET, 

and  the  grsTitation  of  the  part  Ed,  or  the  pressure  exerted 

by  it  at  d;,  is  represented  by  the  area  E  T  M.     We  may 

Ao  conveniently  express  the  pressure  of  the  column  E  C 

.^,     E5<EC       J.    ,.,                   Ax  AC 
at  C  by  — = ,  and  in  like  manner,  ^ —  cxprcsbeii 
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the  weight  of  the  oolumn  AC,  or  the  piemire  exerted  bgf 

atC. 

Should  we  express  the  gravitation  of  E  by  a  line  E  T 

equal  to  £  C,  the  weight  of  the  whole  oolumn  £  C  wadd 

JSC* 
be  expressed  by  -^9  and  that  of  the  portion  Edbj 

5 ,  or  by  Its  equal 5 — -.     We  see,  also, 

that  whatever  value  we  assign  to  the  force  £,  the  gimvits- 
tions  or  pressures  of  the  columns  EC  and  E  d  are  prapor* 
tional  to  ECS  and  EC*  —  dC\  or  to  EC  and  Ed'^dQ. 
This  remark  will  be  frequently  referred  to. 

321.  From  these  observations  it  appears,  that  the  tiro 
columns  AC  and  £  C  will  exert  equal  or  unequal  presnirei 
at  the  centre  C,  according  to  the  adjustment  of  the  fixoes 
in  the  direction  of  the  axis,  and  perpendicular  to  the  ani» 
If  the  ellipse  do  not  turn  round  an  axis,  then,  in  order 
that  the  fluid  in  the  columns  A  C  and  £  C  may  press 
equally  at  C,  we  must  have  AxAC  =  ExEC,  or  AC 
:  E  C  =  E  :  A.  The  gravitation  at  the  pole  must  be  to 
that  at  the  equator,  as  the  radius  of  the  equator  to  the  ae- 
miaxis.  But  we  shall  find,  on  examination,  that  such  a 
proportion  of  the  gravitations  at  A  and  £  cannot  result 
solely  from  tlie  mutual  gravitation  of  the  particles  of  a  ho- 
mogeneous spheroid,  and  that  this  spheroid,  if  fluid,  and 
at  rest,  cannot  preserve  its  form. 

S^.  The  ^x  preceding  articles  ascertain  the  mechanical 
state  of  a  particle  placed  any  where  in  a  homogeneoui 
8{Aeroid,  inasmuch  as  it  is  affected  solely  by  the  mutual 
gravitation  to  all  tlie  other  particles.  We  arc  now  to  in- 
quire what  conditions  of  form  and  gravitating  force  will 
produce  an  exact  equilibrium  in  every  particle  of  an  ellip 
tical  spheroid  of  gravitating  fluid  when  turning  round  its 
axis.     For  this  purpose,  it  is  necessary,  in  the  first  place, 

t  the  direction  of  gravity,  affected  by  the  centrifugal 
of  rotation,  he  every  where  perpendicular  to  the  sur- 
/ 
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face  oF  the  spheroid,  otherwise  the  waters  would  flow  off 
toward  that  quarter  to  which  gravity  inclines.  Secondly, 
all  canab  reaching  from  the  centre  to  the  surface  must 
habooe  at  the  centre,  otherwise  the  preponderating  co- 
lumn will  subside,  and  press  up  the  other,  and  the  form  of 
the  suriaoe  will  change.  And,  lastly,  any  particle  of  the 
whole  mass  must  be  in  equilibriOf  being  equally  pressed  in 
every  direction.  These  three  conditions  seem  sufficient 
fiir  ensuring  the  equilibrium  of  the  whole. 

S2S.  These  conditions  will  be  secured  in  an  elliptical 
fluid  spheztHd  of  umform  density  turning  round  its  axis, 
if  the  gravihfai  ihe  pole  be  to  the  equatorial  gravity^  <fi- 
wiiniAed  bgf  the  cmdrkfugoi  Jbrce  arteingjrom  ihe  rota- 
tkm^  a$  the  rackus  of  the  equator  to  the  semiaxis. 

We  shall  first  demonstrate,  that  in  this  case  gravity  will 
be  erery  where  perpendicular  to  the  spheroidal  surface. 

Ijeip  express  the  polar  gravity,  e  the  primitive  equato- 
rial gravity,  and  e  the  centrifugal  force  at  the  surface  of 
the  equator,  and  let  ^  —  c,  =^  #,  be  the  sensible  gravity 
lemnmng  at  the  equator.  Then,  by  hypothesis,  we  have 
/I :  #  =  C  £  :  C  A.  Conndcring  the  state  of  any  indivi- 
dual particle  P  on  the  surface  of  the  spheroid,  we  perceive, 
that  that  part  of  its  compound  gravitation  which  is  in  a 
diredxm  perpendicular  to  the  plane  of  the  equator  is  not 
aficted  by  the  rotation.  It  still  is,  tliercforc,  to  the  force 
pal  the  pole  osF d  to  AC  (318.)  But  the  other  consti- 
tuent of  the  whole  gravitation  of  P,  which  is  estimated 
perpendicular  to  the  axis,  is  diminished  by  the  centrifu- 
gal force  of  rotation,  and  this  diminution  is  in  proportion 
to  its  distance  from  the  axis,  that  is,  in  proportion  to  this 
primitive  constituent  of  its  whole  gravitation.  Therefore, 
its  remaining  gravity,  in  a  direction  perpendicular  to  the 
axis,  is  still  in  the  proportion  of  its  distance  from  it.  And 
this  is  the  case  with  every  individual  particle.  Each  par- 
ticle, therefore,  may  still  be  considered  as  urged  only  by 
two  forces ;  one  of  which  is  j)erpcndicular  to  the  equator, 
Vol.  III.  V 
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and  profXHTtional  to  its  distance  fion  it;  and  the  other  ii 
porpendieular  to  the  azis»  and  proportional  to  its  distaaoe 
fiom  it  Therefore,  if  we  draw  a  line  P  vn,  ao  that  dC 
may  be  to  do  as  jp  x£C  to«x  AC,  Po  will  be  the  di- 
rection  of  the  compound  force  of  gravity  at  P,  as  aSiBCtod 
by  the  rotation. 

But  by  hypothesis  jp  :  «  =  £C  :  AC;  theivfiire px 
EC:jx  AC=  EC*:  AC*,  and  EC*:  AC«  =  dC: 
dVf  =  Fu:Fv.  But,  by  conic  secdons,  if  P«betoPf 
asEC  to  AC*,  the  line  F  o  «  is  perpendicular  to  the  tn- 
gent  to  the  dlipse  in  the  pcnnt  P,  and  therefore  to  the 
i^eioidal  surface,  or  to  the  surface  of  the  still  ocean. 

Thus,  then,  the  first  condition  is  secured,  and  die  tn- 
perfidal  waters  of  the  ocean  will  have  no  tendency  to  mote 
in  any  direction.  Having  therefore  ascertained  a  smtable 
direction  of  the  afiected  gravitation  of  P,  we  naay  next  in- 
quire into  its  intensity. 

324.  The  sensible  gravity  of  any  superficial  particle  P 
is  every  where  to  the  polar  gravity  as  the  line  P«  (the 
normal  terminating  in  the  axis)  to  the  radius  of  mciidianal 
curvature  at  the  pole ;  and  it  is  to  the  sensible  gravity  at 
the  equator  as  the  portion  P  t^  of  the  same  normal  tenni- 
nating  in  the  equator  is  to  the  radius  of  meridional  curvap 
ture  at  the  equator.  For  it  was  diewn  (31 9.)  to  be  to  the 
Ibroe  at  E  as  P  ti  to  E  C.  If,  therefore,  the  radius  of  die 
equator  be  taken  as  the  measure  of  the  gravitation  therc^ 
P  u  will  measure  the  sensible  gravitation  at  P.  And  since 
the  ultimate  ntuation  of  the  point  u^  when  P  is  at  the 
pole,  is  the  centre  of  curvature  of  the  ellipse  at  A,  the  ra- 
dius of  curvature  there  will  measure  the  polar  gravity. 
That  is,  the  sensible  gravity  at  the  equator  is  to  the  gnu 
vity  at  the  pole,  as  the  radius  of  the  equator  to  the  radius 
of  polar  curvature.  By  a  perfectly  similar  process  of  rea. 
soning,  it  is  proved,  that  if  the  gravity  at  the  pole  be  mea- 
fured  by  A  C,  the  gravity  at  P  is  measured  by  P  r,  and 
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at  tile  eqiuter  by  the  nidiw  of  ovnatiuw  of  the  ^lipte  in 

8S&  Cbr.  1.  The  seRnblegmTity  in  every  point  P  of  tl|e 
Buifiioe  is  ledprocally  as  the  perpendicular  C  i  from  the 
O0nt»'Oa  die  langmt  in.  that  poipL  For  erery  where  in 
the  cffipse,  C<  X  Pv  =  CES  and  C  <  x  P  9=  C A^aa 
18  well  known. 

82&  Con  2L  The  eimtral  gravity  of  every  sup^rfidal 
particle  P,  Ihaft  ia»  its  absolute  gravity  P  t%  or  P  v  estimat- 
ed; in  the  diieetioE  P  C,  is  inversely  proportional  to  ita  dis*. 
tance  fivm  the.  centre,  thai  i%  the  cential  gravity  at  P  is  to 
the  oenbral  gravity  abEasEC  toPC,,andtothe  pohr 
gravidas  AC  to.PC.  For,  if  the  gravity  Po  be  xeduoed 
to  the  direction  P  C  by  drawing  vo  perpendicular  to  C  P, 
Po  will  measure  this  central  gravity.  Now,  it  is  well 
known  that  Po  x  P  C  is  every  where  =  A  C^ ;  and^  in 
like  manner,  P«,  x PC  =  £  C\  Therefcm  Fo,  or  P., 
are  eveiy  where  reciprocally  as  P  C. 

Hence  it  follows  that  the  senmble  increment  of  gravity  in 
proceeding  firom  the  equator  to  the  pole  is  very  nearly  as 
the  square  of  the  sine  of  the  latitude ;  for,  without  enter^ 
ing  on  a  more  curious  investigation,  it  is  plain  that  the 
increments  of  gravity,  when  so  minute  in  comparison  with 
the  whole  gravity,  are  very  nearly  as  the  decrements  of  the 
dkitanne.  Now,  in  a  sphered  very  little  compressed,  these 
decrements  are  in  that  proporticMi.  It  may  be  demon- 
strated that  in  the  latitude  where  sia.'  =  4»  QAmely,  lat 
S5®  16K,  the  gravity  is  the  same  as  to  a  perfect  sphere  of 
the  same  capacity,  having  for  its  radius  the  semidiametcr 
of  the  ellipse  in  that  point.  It  is  also  a  distinguishing  pro- 
perty of  this  latitude  that,  if  this  semidjameter  be  produced, 
the  gravitation  of  a  particle,'  at  any  distance  in  this  dircc 
tion,  is  the  same  as  to  a  perfect  sphere  of  xh^  same  capacity. 
This  is  not  tlic  case  in  any  pther  direction. 

^.  Car.  3.  Lastly,  the  force  estimated  in  the  direction 
Vd  is  to  the  force  in  the  direction  Pa  as  £ C'  X  P f^  io 
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A  C*  y  Po.  For  we  had  (SIS.)  f^ F d  if,  P  a  =  A  x 
£CxPd:ExACx  F%  which,  by  substitutingj^  and 
^  for  A  and  E,  it  becomes  |7  xEC  xPd:«xACXPa, 
=:EC*xPd:  AC%Po. 

Hitherto  we  have  considered  only  the  partides  on  the 
surface  of  the  spheroid.  But  we  must  know  the  condition 
of  a  particle  any  where  within  it 

328.  A  particle  p^  in  any  internal  point  of  a  diameter, 
has  its  sensible  gravity  in  the  direction  perpendicnlar  to  the 
surface  of  a  concentric  and  similar  spheroid  passing  through 
the  particle.  For  the  gravity  at  p  is  compounded  of  forces 
perpendicular  to  the  axis  and  to  the  equator,  and  propor- 
tional to  the  distances  from  them,  and  therefore  propor- 
tional to  the  similar  forces  acting  on  the  particle  P  (312.) 
Therefore  the  compound  force  of  p  will  be  parallel,  and 
in  the  same  proportion,  to  the  compound  force  P  z;  of  P, 
and  must  therefore  be  perpendicular  to  the  tangent  of  the 
surface  in  p.     It  is  as  ^  v'. 

329.  Cor.  Hence  we  must  infer  that  if  there  were  a 
cavam  at  p,  containing  water,  the  surface  of  this  still  water 
would  be  a  part  of  the  spheroidal  surface  aebq.  Should 
this  cavern  extend  all  the  way  to  ^  or  a,  the  water  should 
arrange  itself  according  to  the  surface ;  or,  if  ^  r  p  be  a 
pipe  or  conduit,  the  water  in  it  should  be  stiil,  except  so 
far  as  it  is  affected  by  the  pressures  of  the  columns  A  a 
and  P  p  and  E  e  (these  pressures  will  be  proved  to  be 
equal.) 

It  would  seem,  from  these  premises,  that  if  the  ellipti- 
cal spheroid  consist  of  different  fluids,  which  do  not  mix, 
and  which  differ  in  density,  they  will  be  disposed  in  con- 
centric similar  elliptical  strata,  so  that  their  bounding  sur- 
faces shall  be  similar.  The  prdof  of  this  seems  the  same 
with  what  is  received  for  a  demonstration  of  the  horizontal 
surface  of  the  boundary  between  water  and  oil  contained  in 
a  vessel.  Accordingly,  this  has  been  supposed  by  many  re- 
spectable writers,  as  a  thing  that  needed  no  other  proof.  But 
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this  is  bj  no  means  the  case.  1 1  can  be  strictly  demonstrated 
that  the  denser  fluids  occupy  the  lowest  place,  and  that  the 
strata  become  less  and  less  eccentric  as  wc  approach  the 
centre,  where  the  ultimate  evanescent  figure  may  be  dcno^ 
minated  a  spherical  point.  It  may  be  seen,  even  at  pre- 
sent, that  they  cannot  be  similar,  unless  homogeneous.  For, 
without  this  condition,  it  cannot  be  generally  demonstrated 
that  the  gravitation  of  a  particle  p  to  the  equator,  and  to 
the  axis»  is  as  the  distance  from  them,  which  is  the  founda- 
Uon  of  all  the  subsequent  demonstrations. 

830.  In  the  next  place,  ail  rectilineal  columns,  extending 
from  the  centre  to  the  surface,  will  balance  in  the  centre. 
For,  drawing  voyV  d  perpendicular  to  P  C,  it  is  plain  that 
F  o  andp  €f  represent  the  gravities  of  P  and  p  estimated  in 
the  direction  P  C.  Now  P  o  :  p  o'  =  P  C  : ;?  C.  There- 
fore  the  gravitation  of  the  whole  column,  or  the  pressure  on 

P  o     PC 
C,  is  represented  by  ^ (320.)  Now,  in  the  ellipse 

P  0  X  P  C  =  C  A%  a  constant  quantity.  Therefore  the 
presmre  of  every  column  at  C  is  tlie  same.  In  like  man- 
ner, the  pressure  of  the  columns  C  p  and  C  a  are  equal, 
and  therefore  also  the  pressures  of  Pjp,  E  ^,  and  A  a,  at 
p,  f,  and  a,  are  all  equal. 

331.  Lastly,  any  particle  of  Uie  fluid  is  equally  pressed 
in  every  direction,  and  if  the  whole  were  fluid,  would  be  in 
eqiaSbrioy  and  remain  at  rest. 

To  prove  this,  let  Pp  (Fig.  40.)  be  a  column  reaching 
fram  P  to  the  surface,  and  taken  in  any  direction,  but,  first, 
in  one  of  the  meridional  planes,  of  which  A  B  is  the  axis, 
and  £  |Q  the  intersection  by  the  equatorial  plane.  In  Uie 
tmgent  Aa  take  Aa  equal  to  £ C,  and  A «  equal  to  A  C. 
Draw  aCe  and  «  C '  to  the  tangent  £  i  at  the  equator.  It 
if  evident  that  E  ^  =  A  C,  and  E  ,  =  £  C.  Througkp 
and  P  diaw  the  lines  p  L  /,  N  P  2r,  parallel  to  £  C,  and  the 
lines /I  N  ^,  I  P  3  parallel  to  A  B.  Draw  also  I  K  Xr  paral- 
lel to  E  C. 
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^noe,  by  hypothens,  the  wholefiMesat  A  aa9  E^tfe 
iflhrcMdy  «8  AC  huid  E*C,  A«  and  1&^  wtt  ttBtbe-fbrdet 
^aeting  lit  A  and  E.  CkMtuequeiid^  the  imgbtt  of  the 
ecdutnttB  F D;  LZ,  and  Kl.,  urill  he  lupluauuted  bytbe 
aMasF/dD,  L2«Z,and  S:Xr^L>(3ilO.) 

All  the  pmatiires  or  Toroen  which  aot  ^oathe  [Miicltoxif 

-tbecolamiij^P  taay  be  reaokiKlmlo  fiMMsaotil^paaNdlel 

to  AC,  and  forces  acting  fMMlkl  to  £  C,  and  the  fiirae 

acthig  on' eaeh  particle  is  as  Mb  'distfmee  -iroin  "the  wds  4o 

to  which  it  is  directed  (818.)    Tbe^refofe  the  'Wholie  Ibtte 

with  Which: this  column  pT  is  pressed  in  the'dirMti<m  A  C 

•b  %6  the  fofOe  with  which  thecolunm  O  P  is  prested  iki -the 

'Munie  direction,  aa  the  niiniber  Of  pfutietes  in  p  P  U>-tfae 

numberin  OP,'thAt  by  aspP  to  OP.    Vtit  there  b  only 

a'ipart  of  this  force  employedin  pressing  the  paftidesiti  the 

'diredion  of  the  oamll.    Another  pan  merely  fft-esses  the 

fluid  to  the  side  of  the  canal  p  P.  ^DrawO^  perpendicular 

tojp  P.   The  force  actingin  the  direction  A  C  on  any  par- 

'ti^  injp  P  b  to  itsMefficacy  in  the  direction  pP,  as  O  P  to 

g  P,  that  is,  as  j7  P  to  0  P.   Therefore,  the  pressure  Which 

<theiparticle  P  sustains  in  the  direction  |7  P  from  the  actk>n 

of  all  the  particles  in^  P  in  the  direction  AC,  'is|n«cisely 

equal  to  the  pressure  it  sustains  from  the  actioh'of  the 

column  O Py  acting  in  the  same  direction  AC.    fiut  ithas 

'been  shewn'(820.)  that  the  pressure  of  O  P  in  the  direction 

A  C  b  predsely  the  same  with  the  weight  of  the  column 

L  Z,  which  weight  is  represented  by  the  area  L  Iz'Z. 

In  the  very  same  manner,  the  whole  pressure  on  P  in 
<the  direction  p  P  arising  from  the  pressure  of  each  of  the 
particles  inp  P  in  the  direction  E  C,  b  precisely  t!he  same 
with  the  pressure  on  P,  arising  from  the  pressure  of  the 
column  N  P  in  thb  direction  EC,  that  is,  it  b  equal  to  the 
weight  of  the  column  F  D,  which  is  represented  by  the 
ateaF/dD. 

Because   ^E  *  is  equal    to    E  C,    we   have   ¥p}D= 
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CF*  — CD*  _Lp^— LO^  _pOxOm 


«         '■"         2         '  2 


And  in  like 


',  K«xL=  — g — *,     But p  0^0 m:  10  ^Ot 

:=£  C* :  A  C*,  and  thei^fore 

PfJ:K.AL  =  EC^AC* 
butK.xL:EAr/L=AC:EC 
and  F/a D:F^|D  =  AC:EC,  therefore 

PyVfD:  KJt/L  =  EC*  ><  A  C^  AC*  X  E  C% 
that  is,  in  the  ratio  of  equality.     Now  the  area  K  it  2L  re- 
presents the  weight  of  the  column  K  L,  or  the  pressure  ex- 
erted in  the  direction  A  C  by  the  column  I  O. 

Thus  it  appears  that  when  the  forces  acting  on  the  par^* 
deles  in  the  column  ^  P  are  estimated  in  the  direction  of 
the  caml,  the  pressure  exerted  on  the  particle  P  is  equal  to 
the  united  pressures  of  the  columns  O  P  and  I O  acting  in 
the  direction  A  C,  that  is,  to  tlie  pressure  of  tlie  fluids  in 
the  eanal  I P  in  its  own  direction.*  Therefore  the  fluid  in 
the  canal  I  P  will  balance  the  fluid  in  the  canal  p  P,  and 
the  particle  P  will  have  no  tendency  to  move  in  either  di- 
reetioD.  And,  since  this  is  equally  true,  whatever  may  be 
die  diiectiop  of  the  canal  P^,  or  P  «,  it  follows  that  the 
fstide  P  is  equally  pressed  in  every  direction  in  the  plane 
cf  the  figure,  and  would  remain  at  rest,  if  the  whole  sphe- 
roid wcR  fluid. 

But  now  let  the  canal  Pp  be  in  a  plane  difierent  from  a 
metidioBal  plane  (as  in  Fig.  41.)  In  whatever  direction 
Pp  is  disposed,  a  plane  may  be  made  to  pass  through  it. 


*  Hie  student  must  not  confound  Hm  with  a  compoflition  of  two 
jnuuiit  or  fbrces  N  P  and  O  P^  composing  a  pressure  or  force  p  P. 
Then  it  no  such  composition  in  the  present  case.  It  is  only  meant 
that  the  pressure  in  the  direction  p  P  arising  from  the  gravitation  of 
Ike  prtifif  in  the  canals  is  the  same,  in  respect  of  magnitude,  with 
tht  pMwore  in  the  direction  I  P,  arising  from  the  gravitation  of  ths 
tuidinlP. 
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perpendicular  to  the  plane  "EeQq  cyf  the  equator  of  the 
speroid.  Let^  Iqie  he  this  plane.  Its  section  inth  the 
spheroid  will  be  an  ellipse,  similar  to  the  generating  ellipse 
A  E  B  Q,  as  is  well  known.  Let  the  meridional  section 
A  E  B  Q  pass  through  the  point  F  of  the  canal  p  P.  It 
will  cut  the  section  el  q  tin  a  line  I  P  i  perpendicular  to  its 
intersection  e  q  with  the  equator  of  the  spheroid,  and  there- 
fore parallel  to  the  axb  acb  of  the  section,  if  it  do  not  coin- 
cide with  this  axis.  Let  C  D  E  be  the  semidiameter  of 
the  generating  ellipse  which  passes  through  the  intersec- 
tion D  of  I  f  and  e  q ;  and  draw  P  Z  parallel  to  D  C,  and 
P z  parallel  to  eq  cutting  acb  in  z,  and  join  z Z  and  c  C. 
It  is  plain  that  the  plane  passing  through  the  axis  A  B  of 
the  spheroid  and  the  axis  ab  of  the  section  elqiis  per- 
pendicular to  that  section  (for  it  besects  eq^  which  is  a 
chord  of  the  equatorial  circle  LeQq)^  and  that  the  planes 
D r C  and  P zZ  are  parallel,  and  the  angles  at  c  and  z 
right  angles. 

Let  us  now  consider  the  forces  which  act  on  the  par- 
ticles of  fluid  in  the  canal  p  P.  They  are,  as  before,  all 
resolvable  into  two,  one  of  them  parallel  to  A  C,  and  the 
other  perpendicular  to  it.  Thus,  the  particle.P  is  urged 
by  a  force  in  the  direction  P  D  parallel  to  A  C,  and  pro- 
portional to  its  distance  P  D  from  the  equator  of  the  sphe- 
roid. It  is  also  urged  by  a  force  in  the  direction  P  Z  per- 
pendicular to  A  C,  and  proportional  to  its  distance  P  Z. 
This  force  P  Z,  may  be  resolved  into  P  z  and  z  Z.  The 
force  z  Z  remains  the  same,  for  all  the  particles  in  the 
canal  pFy  zZ  being  equal  to  c  C.  But  the  force  P  ^  is 
always  proportional  to  the  distance  of  the  particle  in  the 
canal  p  P  from  the  axis  acb  of  the  section  elqi.  It  is 
also  to  the  axipetal  force  in  the  direction  P  Z  as  P ;?  to 
PZ. 

Moreover,  it  has  been  shewn  (327.)  that  the  force  in  the 
direction  P  Z  is  to  the  force  in  the  direction  P  D  in  the 
ratio  of  A  C*  X  P  Z  to  E  C*  X  P  D,  that  is  (on  account  of 
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the  smulanr^  of  the  sections  A  E  B  Q  and  aebq)f  as  at? 
X  P  Z  to  «^  X  P  D.  Therefore  the  force  in  the  direction 
P 1  k  to  the  force  in  the  direction  TDasae^xTztoec' 
X  PD.  Wherefinre,  since  from  these  elements  it  lias  been 
proved  already  that  tlie  whole  pressure  on  P  in  the  canal 
p  P,  lying  in  the  plane  A  £  B  Q,  is  equal  to  the  pressure 
of  the  canal  I P,  it  follows  that  the  pressure  of  tlie  canal 
p P,  Ijing  in  the  plane  aebq  is  also  equal  to  the  pressure 
of  the  canal  I  P. 

Thus  it  now  appears  tliat  the  particle  P  is  urged  in  every 
direction  with  the  same  force  by  the  fluid  in  any  rectilineal 
canal  whatever  reaching;  to  the  surface.  It  is  therefore  in 
equiUbrio  ;  and,  as  it  is  taken  at  random,  in  any  part  of 
the  spheroid,  the  whole  fluid  spheroid  is  in  eqtiiltbrio. 

We  also  see  that  the  whole  force  with  which  any  par- 
ticle P  is  pressed  in  any  direction  whatever  is  to  the  pres- 
sure at  the  centre  C  as  the  rectangle  IP*  to  A  C".  For 
that  is  the  proportion  of  the  pressure  of  the  canal  I P  to 
that  of  the  canal  A  C  ;  and  all  canals  terminating  in  the 
centre  exert  equal  pressures. 

SSSt,  It  is  now  demonstrated  that  a  mass  of  uniformly 
dense  matter,  influenced  in  every  particle  by  gravitation, 
and  so  constituted  that  an  equilibrium  of  force  on  every 
particle  is  necessary  for  the  mmntenance  of  its  form,  may 
exist,  with  a  motion  of  rotation,  in  the  form  of  an  elliptical 
spheroid,  if  there  be  a  proper  adjustment  between  the  pro- 
portion of  the  two  axes  and  the  time  of  the  rotation.  What- 
ever may  be  the  proportion  of  the  axes  of  an  oblate  sphe- 
roid, there  is  a  rapidity  of  rotation  which  will  induce  that 
proportion  between  the  undiminished  gravity  at  the  pole 
and  the  diminished  gravity  on  the  surface  of  the  equator, 
which  is  required  for  the  preservation  of  that  form.  But 
it  has  not  been  proved  that  a  fluid  sphere,  when  set  in  mo- 
tion round  its  axis,  must  assume  the  form  of  an  elliptical 
spheroid,  but  only  that  this  is  a  possible  form.  This  was 
all  that  Newton  aimed  at,  and  his  proof  is  not  free  from 
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reasonable  objections.  The  great  mathematicians  since  the 
days  of  Newton  have  done  little  more.  They  have  not  de- 
termined the  figure  that  a  fluid  q>here^  or  a  nudeus  cover- 
ed with  a  fluid,  must  assume  when  set  in  motion  round  its 
axis.  But  they  have  added  to  the  number  of  condidons 
that  must  be  implem^ited^  in  order  to  produce  another 
kmd  of  assurance  than  an  elliptical  spheroid  will  answer 
the  purpose,  and  by  this  limitation  have  greatly  increased 
the  difficulty  of  the  question.  M.  Clairaut,  who  has  carried 
his  scruples  farther  than  the  rest,  requires,  besides  the 
three  conditions  which  have  been  shewn  to  consist  with 
the  permanence  of  the  elliptical  form,  that  it  also  be  de- 
monstrated, lfm>.  That  a  canal  of  any  form  whatever  must 
every  where  be  in  eqmUbrio :  9dOf  That  a  canal  of  any 
shape,  reaching  from  one  part  of  the  surface,  through  the 
mass,  or  along  the  surfiEice,  to  any  other  part,  shall  exert 
no  force  at  its  extremities :  Sito,  That  a  canal  of  any  form, 
returning  into  itself,  shall  be  in  equilibrio  through  its  whole 
extent 

888.  I  apprehend  that  in  the  case  of  unifcnm  dennty,  all 
these  OHidiUons  are  involved  in  tlie  propositicm  in  art  (331.) 
Fot  we  can  suppose  the  canal  /?  P  of  Fig.  41.  to  com- 
municate with  the  canal  P  2.  It  has  been  i^wn  that  they 
are  in  equilibrio  in  P.  The  canal  4  /s  may  branch  off  from 
P  ).  These  are  in  equilibrio  in  the  point  4.  The  canal 
3  «  may  branch  off  at  3,  and  they  will  be  still  in  equilibrio  ; 
and  the  canal  2  1  will  be  in  equilibrio  with  all  the  forego- 
ing. Now  these  points  of  derivation  may  be  multiplied, 
till  tlie  polygonal  canal  p  P432  1  becomes  a  canal  of  con- 
tinual curvature  of  any  fbroL  In  the  next  place,  this  canal 
exerts  no  force  at  either  end.  For  the  equilibrium  is  proved 
in  every  state  of  the  canal  p  P — it  may  be  as  short  as  we 
please^— it  may  be  evanescent,  and  actually  cease  to  liave 
any  length,  without  any  interruption  of  the  equilibrium. 
Therefore,  there  is  no  force  exerted  at  its  extremity  to  dis- 
turb tlie  form  of  tlie  surface.    It  may  be  observed  that  this 
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very  dn'ilwirliiicp  pnnpes  that  the  direction  of  gravity  is 
fieqwmBnukr  to  the  surface.  And  it  must  be  observed 
idnt  the  perpendicularity  of  gravity  to  the  surface  is  not 
empkyed  in  demonstrating  this  proposition,  liie  whole 
nsteon  the  propositions  in  art  &16,  317,  and  818,  both  of 
i/titAk  ire  owe  to  Mr  M^Laurin. 

SMw  Having  now  demonstrated  the  competency  of  the 
eilipriiail  spheroid  for  the  rotation  of  a  planet,  we  proceed 
to  investigiitethe  precise  prqportion  of  diameters  which  is 
leqnired  for  any  proposed  rotation.  For  example,  What 
potiibemM^  of  the  equator  will  diffuse  the  ocean  of  this 
Earth  mnfonnly,  consistendy  with  a  rotation  in  93^  5G' 
04*,  the  phmet  being  uniformly  dense  ? 

LetJp  and  e  express  the  primitive  gravity  of  a  partide 
filaoed  at  die  pole  and  at  the  surface  of  the  equator,  arising 
aolely  from  the  gravitation  to  every  particle  in  the  spheroid, 
mad  Jet  c  represent  the  centrifugal  tendency  at  the  surfSsu^e 
•of  the  equator^  ariring  from  the  rotation.  We  shall  have 
an  dfipdcal  apheroid  of  a  permanent  form,  if  AC  be  to  EC 
aa  ^— c  utop  (823.)  We  must  therefore  find,  first  of  all, 
what  is  the  proportion  of  p  to  e  resulting  from  any  pn^r- 
lioorfACtoEC. 

To  accomplish  this  in  general  terms  with  precision,  ap- 
piared  so  difficult  a  task,  even  to  Newton,  that  he  avoided 
il,  and  took  an  indirect  method,  which  his  sagacity  sliewed 
him  to  be  perfecdy  safe  ;  and  even  this  was  difficult.  It 
is  in  the  complete  solution  of  this  problem  that  die  genius 
flf  M^Laurin  has  shewn  itself  most  remarkable  both  for 
anttapcas  and  for  geometrical  elegance.  It  is  not  exceeded 
'(in  the  opinion  of  the  first  mathematicians)  by  any  thing 
of  Archimedes  or  ApoUonius.  For  this  reason,  it  is  to  be 
npetted  that  we  have  not  room  for  the  series  of  beautiful 
jinpositioiis  that  are  necessary  in  his  method.  We  must 
take  a  shorter  course,  limited  indeed  to  spheroids  of  very 
mall  eooentricity  (whereas  the  method  of  M^Laurin  ex- 
toids  to  any  degree  of  eccentricity),  but  widi  this  limita- 
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wBt  be  «*  X  C  ^,  and  k»  nirfooe  ss «  x.  C  i;  x  E  ^9  4914: 
the  tbflolute  gmnCatimi   ti>  it  is    ^.  .^  >  ^ --^j  « 

— 2j^(n f  ^^  '^  «XC""    '^^  ^^^  reduced 

to  the  direction  A  C  becomes  -5-^ TrT^   ^**^  '^ 

and  L  H  =s  i  C  H,  =7 1 A  tf,  thQ  r^iiced  gravitatioa  be* 

comes    g^^^   X  L  H. 

Thb  being  the  measure  or  representative  of  the  gnu 
vitation  to  the  material  surface  or  ring  generated  by  £.  e, 
the  gravitation  to  the  whole  redundant  matter  ccmtuned 
between  the  spheroid  and  the  inscribed  sphere  wil)  be  le- 

presentedby-g-^r^pf   multifdied  by  the  qpaoe  oompvo- 

hended  between  the  curve  lines  AF G  aiid  AL&  We 
must  find  the  value  of  this  space. 

The  parabolic  space  AHGBA  is  known  to  be 
=  $  A  B  X  B  G,  =x  §  A  Bl  The  square  of  D I  is  pio- 
portional  to  the  cube  of  B  D.  For,  by  the  construction 
of  the  curve  AB«: AD'^  =  D F*:  DP,  and  DI*=: 
AD'  X  DF«  _AD«  DF'  _AD«.  ^  A  D^ 
AB^        '~XB  ^AB'^AJB^^'— AB* 

ft 

Therefore  D I  is  proportional  to  A  D|,  and  the  area  A  B 
GLAis  =  |  ABxBG,  =  f  AB'.  Take  this  from 
the  parabolic  area  §  A  B^  and  there  renudns  ^  A  B'  (ar 
the  value  of  A  L  G  H  A.     This  is  equal  to  if  A  C^ 

Now,  the  gravitation  of  A  to  the  redundant  matter  was 
shewn  tobe  =  ALGHA  x  77-7-7^?-     This  now  be- 

comes  if  A  C*  X  g  .  p^  9  or  xV  »  x  Ec.      Such  is  the 
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grwitatioB  of  a  particle  in  the  pde  of  the  spheroid  to  the 
rednodflit  matter  spread  over  the  inscribed  sphere. 

The  gravitation  of  a  particle  situated  on  the  surfiwe  of 
theequator  to  the  same  redundant  matter  is  not  quite  so 
obfioas  as  the  polar  gravity,  but  may  be  had  with  the 
Mme  accuiagr,  by  means  of  the  following  considerations. 

886.  Let  A  B  a  b  (Fig.  43.)  represent  an  oblate  sphe- 
roid, lEmned  by  rotation  round  the  shorter  aus  B  &  of  the 
generatiog  ellipse,  and  viewed  by  an  eye  situated  in  the 
plane  of  its  equator.  Let  AEae  be  the  drcumscribed 
iphae.  This  spheroid  is  deficient  from  the  sphere  by 
two  meniacuses  or  cups,  generated  by  the  rotation  of  the 
Ivnuls  A B a BA  and  AeabA. 

Mow,  aappose  the  same  generating  ellipse  AB ab  A  to 
turn  xoundits  longer  aids  A  a.  It  will  generate  an  oblong 
spheroid,  touclung  the  oblate  spheroid  in  the  whole  cir- 
cumfiRDoe  of  one  elliptical  mericUan,  viz.  the  meridian 
ABaiA  which  passes  through  the  poles  A  and  a  of  this 
obkiDg  ^eroid.  It  touches  the  equator  of  the  oblate 
spheroid  <mly  in  the  points  A  and  a,  and  has  the  diameter 
Aa  for  its  axis.  This  oblong  spheroid  is  otherwise  wholly 
within  the  oblate  sphcrcnd,  leaving  between  thdr  surfaces 
two  meniacuses  of  an  oblong  form.  This  may  be  bett^ 
ooBoovcd  by  first  supposing,  that  both  the  spheroids  and 
also  the  drcumscribed  sphere  are  cut  by  a  plane  P  Ggpj 
pgpendinilar  to  the  axis  A  a  of  the  oblong  spheroid,  and 
to  the  plane  of  the  equator  of  the  oblate  spheroid.  Now, 
aqipose  that  the  whole  figure  makes  the  quarter  of  a  turn 
loond  the  axis  B  6  of  the  oblate  spheroid,  so  that  the  pole 
a  of  the  oblong  spheroid  comes  quite  in  front,  and  is  at  C, 
the  eye  of  the  spectator  bang  in  the  axis  produced.  The 
Hfxalux  of  the  oblong  spheroid  will  now  appear  a  circle 
0  B  o  &  O,  touching  the  oblate  spheroid  in  its  poles  B  and 
A.  The  section  of  the  plane  V  p  with  the  circumscribed 
sphere  will  now  apj^eor  as  a  circle  P'  R  p'  r.  Its  section 
wilh  tlic  oblate  spheroid  will  appear  an  ellipse  R  G'  rg 


i 
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similar  to  the  generating  ellipse  A  B  afr,  as  b  weU  knofwa 
And  its  section  with  the  oblong  spheroid  will  now  iqppev 
adrde  IG't^  parallel  to  its  equator  OBob.  Fpu 
equal  to  F'p\  and  Gg  to  G'^.  Thus  it  appears,  that 
as  every  section  of  the  oblate  qiheroid  is  deficient  from 
the.  oonoomitant  section  of  the  circumscribed  sphere  bj  tbe 
want  of  two  lunulas  R  P'  r  G'  and  Rp'  rg'^ .  so  it  eioeeds 
the  oonoomitant  section  of  the  oblong  sphermd  by  two  lu- 
nulae  G'  R^  I  and  G'  rg'  t.  It  is  also  plain,  that  if  these 
spheroids  differ  very  little  from  perfect  spheres,  as  when 
EB  does  not  exceed  ^Jq  of  E^,  the  deficiency  of  each 
sccUon  G^from  the  concomitant  section  of  the  circum- 
scribed sphere  is  very  nearly  equal  to  its  excess  above  tbe 
concomitant  section  of  the  inscribed  oblong  spherad  It 
may  safely  be  considered  as  equal  to  one-half  of  the  qpsoe 
contained  between  the  circles  on  the  diameters  V  p'  vA 
G\g\*  in  the  same  way  that  we  considered  the  lunula 
A  F  E  B  ^/7  A  of  Fig.  42,  as  one-half  of  the  space  con- 
tained between  the  semicircles  A  ^  B  and  a  E  & 

From  this  view  of  the  figure,  it  appears,  that  the  gn* 
vitation  of  a  particle  a  in  the  equator  of  the  oblate  sphe- 
roid to  the  two  cups  or  meniscuses  R  F'  r  G'  and  B^p'r^f^ 
by  which  the  oblate  spheroid  is  less  than  tlie  circumscribed 
sphere,  may  be  computed  by  the  very  same  method  that 
we  employed  in  the  last  proposition.  But  instead  of  axn- 
puting  (as  in  last  proposition)  the  gravitation  of  a  to  tbe 
ring  generated  by  tlie  revolution  of  F  G,  (Fig.  43.)  that 
is,  to  the  surface  contained  between  die  two  circles  RPr/ 
and  I  G'  t  g\  we  must  employ  only  the  two  lunula 
R  F'  r  G'  R  and  Rp'rg'  R.  In  thb  way,  we  may  account 
the  gravitation  to  the  deficient  matter  (or  the  deficiency  of 
gravitation)  to  be  one-half  of  the  quantity  determined  by 


*  For  the  drcumscribed  circle  is  to  the  ellipse  as  the  ellipse  to 
tbe  Inscribed  circle.  When  the  extremes  diftcr  so  little>  the  geome- 
trical and  arithmetical  mean  will  differ  but  insensibly. 

1 
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that  pnopositioo,  and  therefore  =  xV  **  X  £  ^  of  Fig.  4S. 
The  last  [nropoeition  gave  us  the  gravitation  to  all  the  mat- 
ter bjr  which  the  sphenHd  exceeded  the  inscribed  sphere. 
The  present  propositioQ  ^ves  the  gravitation  to  all  the 
matter  by  which  it  falls  short  of  the  circumscribed  sphere. 
837.  We  can  now  ascertain  the  primitive  gravitation  at 
the  pole  and  at  the  equator,  by  adding  or  subtracting  the 
quantities  now  found  to  or  from  the  gravitation  to  the 
spheres.  Let  r  be  the  radius  of  the  sphere,  and  <r  r  the 
circumference  of  a  great  circle.     The  diameter  is  2  r. 

The  area  of  a  great  circle  is  — ,  and  the  whole  surface 

of  the  sphere  is  S  •-r',  and  its  solid  contents  is  ^  irr^. 
Therefore,  since  the  gravitation  to  a  sphere  of  uniform 
denaty  is  the  same  as  if  all  its  matter  were  collected  in  its 
centre,  and  is  as  the  quantity  of  matter  directly,  and  as 
the  square  of  the  distance  r  inversely,  the  gravitation  to  a 

sphere  wiU  be  proportional  to  |  — i-,  that  is,  to  }  rr.* 

Now,  let  A  E  B  Q  (Fig.  42.)  be  an  oblate  spheroid, 
whose  poles  are  A  and  B.  The  gravity  of  a  particle  A 
to  the  qphere  whose  radius  is  A  C  is  §  «-  x  AC,  =  |  r  x 
E  C  —  I  '  X  E  ^,or  i«^xEC  —  l?irxEf.     Add  to 


*  I  beg  learc  to  mention  here  a  circumstance  which  should  have 
been  taken  notice  of  in  art  219^  when  the  first  principles  of  spheri- 
cal attractions  were  established.  It  was  shewn^  that  the  gravitation 
flf  the  particle  P  to  the  sperical  surface^  generated  by  the  rotation  of 
the  arch  A IV  T,  is  equal  to  its  gravitation  to  the  surface  generated 
by  the  rotation  of  B  D  T.  Therefore,  if  P  be  infinitely  near  to  A, 
BO  that  the  surface  generated  by  A  IV  T  may  be  considered  as  a  point 
or  single  particle,  the  gravitation  to  that  particle  is  equal  to  the  gra- 
vitation to  all  the  rest  of  the  surface ;  that  is,  it  is  one*half  of  tlie 
whole  gravitation.  If  we  suppose  P  and  A  to  coincide,  that  is,  make 
P  oae  of  the  particles  of  the  surface,  its  gravitation  to  the  spherical 
•urftcc  will  be  only  one-half*  of  what  it  was  when  it  was  without  the 
tur£ue;  and  if  we  sup|M>se  P  adjoining  to  A  internally,  it  will  ex- 
hibit no  gravitation  at  all. 

Vol.  III.  Q 
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this  its  gravitation  yV  «'  x  I^  ^9  to  the  redundant  matter. 
The  sum  is  evidently  |  «•  x  E  C  —  ^^y  *  x  E  ^. 

The  gravitation  of  the  particle  E  on  the  suxface  of  the 
equator  to  a  sphere  vfhose  radius  isECisl^-xEC. 
From  this  subtract  its  deficiency  of  gravitation,  viz.  i\  r  x 
E  e,  and  there  remains  the  equatorial  primitive  gravity = 
1  ,  X  E  C  —  ,V  '  ^  E  r. 

Therefore,  in  this  spheroid,  the  polar  gravity  is  to  the 
equatorial  gravity  as  J  «-  x  EC  —  ^j  ff-xE^to|irxEC 
—  i*y  «•  X  E  ^,  or  (dividing  allby§*)asEC  —  JErto 
E  C  —  ^  E  ^,  or  (because  E  ^  is  supposed  to  be  ver^ 
small  in  comparison  with  EC)  as  EC  to  EC~-J£f. 
In  general  terms,  let  g  represent  the  mean  gravity,  p  the 
polar,  and  e  the  equatorial  gravity,  r  the  radius  of  the  in- 
scribed sphere,  and  x  the  elevation  E  ^  of  the  equator 
above  the  inscribed  sphere.  We  have,  for  a  general  ex- 
pression of  this  proportion  of  the  primitive  gravitations,  p 
:  e^r  +  i  w  :  r^  or  (because  x  is  very  small  in  compari- 
son with  r)j  p  :  e=^  r  :  r  —  ^  x.  This  last  is  generally 
the  most  convenient,  and  it  is  exact,  if  r  be  taken  for  the 
equatorial  radius. 

388.  Had  the  spheroid  been  prolate  (oblong),  the  same 
reasoning  would  have  ^ven  us  p  :  e  =:r  :  r  -\- 1  x, 

I  may  add.  here,  that  the  gravitation  at  the  pole  of  an 
oblong  spheroid,  the  gravitation  at  the  equator  of  an  oblate 
Sfdieroid  (having  the  same  axes)  and  the  gravitation  to 
the  circumscribed  sphere,  on  any  point  of  its  surface,  arc 
pr(^x>rtiona],  respectively,  U)  ^r-h^^  x;  i  r  +  }  .r ;  and 


*  Many  qimtMniB  occnr^  in  which  we  want  the  gravitation  of  a 
ytttiele  F  aUnated  in  the  direction  of  any  diameter  C  P  (Fig.  4S.) 
Ilmr  Uw  ooigiigate  diameter  C  M,  and  suppose  the  spheroid  cut  bf 

through  CM  peq[iendicalar  to  the  plane  of  the  figure. 

will  be  an  ellipae,  of  which  the  semiaxes  are  C  M  and 

C  E  («  r  +  «).     A  circle,  whose  radius  is  the  mean  proportioixal 
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SS9.  It  now  iqppears,  as  was  formerly  hinted,  (SS2.) 
that  we  cannot  have  an  elGptical  spheroid  of  uniform  den- 
titj^  in  which  the  gravitation  at  the  pole  is  to  that  at  the 
equator  as  the  equatorial  radius  to  the  polar  radius.  This 
would  make  p:tf=:r:  r  — at,  a  ratio  five  times  greater  than 

that  which  results  from  a  gravitation  proportional  to  -^. 

Thus  have  we  obtuned,  with  suflSdent  accuracy,  the 
ratio  of  polar  and  equatorial  gravity,  unaffected  by  any 
external  force ;  and  we  are  now  in  a  condition  to  tell  what 
vekxd^  of  rotation  will  so  diminish  the  equatorial  gravita- 
tion, that  the  remaining  gravity  there  shall  be  to  the  polar 
gravity  as  AC  to  £  C. 

340.  Liet  c  be  taken  to  represent  the  centrifugal  ten- 
dency generated  at  the  surface  of  the  equator  by  the  ro- 
tation of  the  planet  round  its  axis,  and  let  the  other  sym- 
bols be  retained.  The  sensible  gravity  at  the  equatcM*  is 
^— -c,  the  polar  gravity  p,  and  the  excess  of  the  equatorial 
radius  above  the  semiaxis  riBx, 

We  have  shewn,  (337.)  that  the  primitive  gravities  at 
the  pole  and  the  equator  are  in  the  ratio  of  r  to  r  —  | «, 
or  (because  d?  b  in  a  very  small  part  of  r)  in  the  ratio  of 
r  +  }  «  to  r.      That  is,  r:  r  +  ^  x^eip.     This  gives 

pzze  +  —  .     Therefore,  the  ratio  of  the  ^€?i^/^  equato- 
o  r 


between  C  M  and  C  £^  has  the  same  area  with  this  section,  and  the 
gravitation  to  this  circle  will  be  the  same  (fVom  a  particle  placed  in 
the  axis)  with  the  gravitation  to  this  section.  Therefore,  as  the 
ang^  P  C  M  is  very  nearly  a  right  angle,  the  gravitation  of  P'  to  the 
i^heraid  will  be  the  same  with  its  polar  (or  axicular)  gravitation  to 
anocber  ^heioid,  whose  polar  semiaxis  is  P  C,  and  whose  equatorial 
radios  is  the  mean  proportional  between  C  M  and  C  E.  This  is 
easily  oomputed.  If  the  arch  P  £  be  S^*'  16',  a  sphere  having  the 
ladins  P  C  has  the  same  capacity  with  the  spheroid  A  E  B  Q  (when 
Be  is  very  small).    Hence  fidbws  what  was  said  in  the  note  on  art 
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rial  gravity  to  the  gravity  at  the  pole  ise-^c  :  e+  — ,  or, 

very' nearly,  ^  :  ^  +  r — be.     Therefore  we  must  have, 

Iw  a  revolving  sphere  of  small  eccentricity, 

^  e  X 
ete+'T'  +€=:r:r'^x 
or 


and 

ex 
^:--  +c  —  r  :  x 
5r 

consequently, 

ex 

and 

• 

ex      4ex 

re 
6  re 


and  4  «  X  =  5  r  c,  and  x  =    ^ 

X      S  c 
and  the  ellipticity  -  =  — ,  that  is, 

Fbur  Hmes  the  primMve  gramiy  cU  the  equator  U  to 
Jive  times  the  centrifugal  Jbrce  of  rotation  as  the  JtmiaM 
A>  the  ekvaium  of  the  equator  abaoe  the  inscribed  sphere. 

S41.  It  is  a  matter  of  observation,  that  the  diminutioD 
of  equatorial  gravity  by  the  Earth^s  rotation  in  ftS^  5ff  4' 
isnearly  jjg.  Therefore,  4  x  289  :  5  =  r  :  x  =  231  }  :  1, 
very  nearly.  This  is  the  ratio  deduced  by  Newton  in 
his  indirect  and  seemingly  incuiious  method.  That  me- 
thod has  been  much  criticised  by  his  scholars,  as  if  it  could 
be  supposed,  that  Newton  was  ignorant  that  the  propor- 
tionality employed  by  him,  in  a  rough  way,  was  not  neces- 
saribf  involved  in  the  nature  of  the  thing.  But  Newton 
knew  that,  in  the  jHresent  case,  the  error,  if  any,  must  be 
altogether  insignificant.  He  did  not  demonstrate,  but  as- 
sumed as  granted,  that  the  form  is  elliptical,  or  that  an  el- 
Hptical  form  is  competent  to  the  purpose.  His  justness  of 
thought  has  been  so  repeatedly  verified,  in  many  cases  as 
abstruse  as  this,  that  it  is  unreasonable  to  ascribe  it  to  con- 
jecture, and  it  sliould  rather,  as  by  Dan.  Bernoulli,  be 
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asenbad  to  his  penetimtioii  and  atgacity.  He  had  so  maay 
near  wcmiets  to  oommunieate,  that  he  had  not  time  for  all 
the  lemmas  thait  were  requisite  (or  enabling  inferior  minds 
to  trace  his  ^teps  of  investigation. 

342.  When  eonadering  the  astnNumncal  phenomena, 
some  notice  was  taken  of  the  attempts  which  have  been 
made  to  decide  this  matter  by  obterration  alone,  by  mea- 
suring dqp«eB  of  the  meridian  in  difiisrent  latitudes. 

But  such  irregularity  is  to  be  seen  among  the  measures 
of  a  degree,  that  the  question  is  still  undedded  by  this 
method.  All  that  can  be  made  evident  by  the  comparison 
is,  that  the  Earth  is  oblate,  and  much  more  oblate  than  the 
ellipse  of  Mr  Hermann ;  and  that  the  medium  deduction 
approaches  much  nearer  to  the  Newtonian  form.  When 
we  recollect,  that  the  error  of  one  second  in  the  estimation 
of  the  latitude  induces  an  error  of  more  than  thirty  yards 
in  the  measure  of  the  degree,  and  that  the  form  of  this 
globe  is  to  be  learned,  not  from  the  lengths  of  the  degrees, 
but  from  the  diflPerences  of  those  lengths,  it  must  be  clear, 
that  unless  the  lengths,  and  the  celestial  arc  corresponding, 
can  be  ascertained  with  great  precision  indeed,  our  infer- 
ence of  the  variation  of  curvature  must  be  very  vague  and 
uncertain.  The  perusal  of  any  page  of  the  daily  observa- 
tions in  the  observatory  of  Paris  will  shew,  that  errors  of 
5*^  in  declination  are  not  uncommon,  and  errors  of  3"  are 
very  frequent  indeed.  So  many  circumstances  may  also 
affect  the  measure  of  the  terrestrial  arc,  that  there  is  too 
much  lefl  to  the  judgment  and  choice  of  the  observer,  in 
drawing  his  conclusions.  The  history  of  the  first  mea- 
surement of  the  French  meridian  by  Cassini  and  La  Hire 
is  a  proof  of  this.  The  degrees  seemed  to  increase  to  the 
southward — the  observations  were  affirmed  to  be  excellent 
—and  for  some  time  the  Earth  was  held  to  be  an  oblong 
spheroid.  Philosophy  prevfuled,  and  this  was  allowed  to 
be  imposable ;— yet  the  observations  were  still  held  to  be 
faultless,  and  the  blame  was  lud  on  the  neglect  of  cireum- 
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stances  which  should  have  been  considered.  It  was  after* 
wards  founS,  that  the  deduced  measures  did  not  agree 
with  some  others  of  unquestionable  authority,  but  would 
agree  with  them  if  the  corrections  were  left  out ;— thej 
were  left  out,  and  the  observations  declared  excellent,  be- 
cause agreeable  to  the  doctrine  of  gravitation.* 

S4S.  The  theory  of  universal  gravitation  affords  another 
means  of  determining  the  form  of  the  terraqueous  globe 
directly  from  observation.  Mr  Stirling  says,  very  justlj, 
that  the  diminution  of  gravity,  dedudble  from  the  remark 
of  M.  Richer,  and  confirmed  by  many  similar  observations, 
gives  an  incontestable  proof,  both  of  the  rotation  of  the 
Earth,  and  of  its  oblate  figure.  It  could  not  be  an  oblale 
figure,  and  have  the  ocean  uniformly  distributed,  ^athout 
turning  round  its  axis ;  and  it  could  not  turn  round  its 
axis  without  inundating  the  equator,  unless  it  have  an 
oblate  form,  accompanied  with  diminished  equatorial  gravis 
ty.  By  the  Newtonian  theory,  the  increments  of  gravity 
as  we  approach  the  poles  are  in  the  duplicate  ratio  of  the 
rines  of  the  latitude.  The  increments  of  the  length  of  a 
seconds  pendulum  will  have  the  same  proportion.  Nothing 
can  be  ascertained  by  observation  with  greater  accuracy 
than  this.  For  the  London  artists  can  make  clocks  which 
do  not  vary  one  second  from  mean  motion  in  three  or  four 

*  They  were  reconciled  with  the  doctrine  of  gravitation,  byat- 
trihating  the  enlargement  of  the  southern  degrees  to  the  action  of 
the  Pyrenean  mountains,  and  those  in  the  south  of  France,  upon  the 
plummets.  But  it  appears  dearly,  by  the  examination  of  these  ob- 
serrations  by  Professor  Celsius,  that  the  observations  were  very  in- 
eoneet,  and  some  of  them  rery  injudiciously  contrived  (See  Phil. 
Tnms.  No  467.  and  386.)  The  palpable  inaccuracies  gave  such  lat- 
itude finr  adjustment,  that  it  was  easy  for  the  ingenious  Mr  Mairan 
to  combine  them  in  such  a  manner  as  to  deduce  from  them  infer- 
ences in  support  of  opinions  altogether  contradictory  of  those  of  the 
academy.  Have  we  not  a  remarkable  example  of  the  doubtfulness 
ni  sueh  measures,  in  the  measurement  of  the  Lapland  degree  ?  It 
is  fimnd  to  be  ahnost  200  fiithoms  too  long. 
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days.  We  need  not  measure  the  change  in  tlie  length  of 
the  pendulum,  a  very  delicate  task — ^but  the  change  of  its 
rate  of  vibration  by  a  change  of  place,  which  is  easily 
done;  and  we  can  thus  ascertain  the  force  of  gravity  with- 
out an  error  of  one  part  in  86400.  This  surpasses  all 
that  can  be  done  in  the  measurement  of  an  angle.  Ac- 
cordingly, the  ellipticities  deduced  from  the  experiments 
with  pendulums  are  vastly  more  consistent  with  each  other, 
and  it  were  to  be  wished  that  these  experiments  were  more 
repeated.     We  have  but  very  few  of  them. 

S44.  Yet  even  these  experiments  are  not  without  ano- 
malies.   S'mce,  from  the  nature  of  the  experiment,  we  can- 
not ascribe  Uiese  to  errors  of  observation,  and  the  doctrine 
of  umversal  gravitation  is  established  on  too  broad  a  foun- 
dation to  be  called  in  question  for  these  anomalies,  philo. 
sophers  think  it  more  reasonable  to  attribute  the  anomalies 
to  local  irregularity  in  terrestrial  gravity.      If,   in  one 
place,  the  pendulum  is  above  a  great  mass  of  solid  and 
dense  rock,  perhaps  ^x)unding  in  metals,  and,  in  another 
place,  has  below  it  a  deep  ocean,  or  a  deep  and  extensive 
stratum  of  light  sand  or  earth,  we  should  ccrtmnly  look 
for  a  retardation  of  tlie  pendulum  in  the  latter  situation. 
The  French  academicians  compared  the  vibrations  of  the 
same  pendulum  on  the  sea-shore  in  Peru,  and  near  the  top 
of  a  very  lofty  mountain,  and  they  observed,  that  tlie  re- 
tardatbn  of  its  motion  in  the  latter  situation  was  not  so 
great  as  the  removal  from  the  centre  required,  according  to 
the  Newtonian  theory,  viz.  in  the  proportion  of  the  distance 
(the  gravity  being  in  the  inverse  duplicate  proportion).* 


•  The  length  of  a  pendulum  vibrating  seconds  was  found  to  be 
439,31  French  lines  on  the  sea-sbore  at  Lima;  when  reduced  to 
time  at  Quito,  U66  fathoms  higher,  it  was  438,88 ;  and  on  Pichin- 
ka,  derated  2434  fathoms,  it  was  438,69.  Had  gravity  diminished 
in  the  inverse  duplicate  ratio  of  the  distances,  the  pendulum  at  Quito 
diould  have  been  438,80,  and  at  Pichinka  it  should  Iwve  been 
438,56. 
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But  it  should  not  be  so  much  retarded.  The  pendulum 
was  not  raised  aloft  in  the  air,  but  was  on  the  top  of  a 
great  mountain,  to  which,  as  well  as.  to  the  rest  of  the 
globe,  its  gravitation  was  directed.  Some  observations 
were  reported  to  have  been  made  in  Switzerland,  which 
shewed  a  greater  gravitation  on  the  summit  of  a  mountain 
than  in  the  adjacent  valleys ;  and  much  was  built  on  this 
'  by  the  partizans  of  vortices.  But,  after  due  inquiry,  the 
observations  were  found  to  be  altogether  fictitious.  It 
may  just  be  noticed  here,  that  some  of  the  anomaUes  in 
the  experiments  with  pendulums  may  have  proceeded  from 
magnetism.  The  clocks  employed  on  those  occasions  pro- 
bably had  gridiron  pendulums,  having  five  or  seven  iron 
rods,  of  no  inconsiderable  weight.  We  know,  for  certain, 
that  the  lower  end  of  such  rods  acquires  a  very  distinct 
magnetism  by  mere  upright  position.  This  may  be  con- 
siderable enough,  especially  in  the  circumpolar  regions,  to 
affect  the  vibration,  and  it  is  therefore  advisable  to  em« 
ploy  a  pendulum  having  no  iron  in  its  composition. 

Although  the  deduction  of  the  form  of  this  globe,  from 
observations  on  the  variations  of  gravity,  is  exposed  to  the 
same  cause  of  error  which  affects  the  position  of  the  plum- 
met, occasioning  errors  in  the  measure  of  a  degree,  yet  the 
errors  in  the  variations  of  gravity  are  incomparably  less. 
What  would  cause  an  error  of  a  wliole  mile  in  the  mea- 
sure of  a  degree,  will  not  produce  the  ^  1 5  part  of  this  error 
in  the  difference  of  gravity. 

345.  These  observations  naturally  lead  to  other  reflec- 
tions. Newton's  determination  of  the  form  of  the  terra- 
queous globe,  is  really  the  form  of  a  homogeneous  and 
fluid  or  perfecdy  flexible  spheroid.  But  will  this  be  the 
form  of  a  globe,  constituted  as  ours  in  all  probability  is,  of 
beds  or  layers  of  different  substances,  whose  density  pro- 
bably increases  as  they  are  farther  down  ? 

This  is  a  very  pertinent  and  momentous  question.  But 
this  outiine  of  mechanical  philosophy  will  not  admit  of  a 
discussion  of  the  many  cases  which  may  reasonably  be  pro- 
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posed  for  flolutkin.  All  that  can,  with  propiiety,  be  at- 
tiempted  hetc,  is  to  give  a  general  notmi  oT  the  chai^  of 
£arm  that  will  be  induced  by  a  Tarying  dennty.  And  even 
in  this,  our  attention  must  be  confined  to  some  simple  and 
probable  case.  We  shall,  therefore,  suppose  the  density 
to  increase  as  we  penetrate  deeper,  and  this  in  such  sort, 
that  at  any  one  depth  the  density  is  uniform.  It  is  highly 
improbable  that  the  internal  constitution  of  this  globe  is  al- 
together irregular. 

346.  We  shall,  thereibre,  suppose  a  sphere  of  solid  mat- 
ter, equally  dense  at  equal  distances  from  the  centre,  and 
covered  with  a  less  dense  fluid  ;  and  we  shall  suppose  that 
the  whcde  has  a  form  suitable  to  the  velocity  of  its  rotation. 
It  is  this  form  that  we  are  to  find  out.     With  this  view, 
let  us  suppose  that  all  the  matter,  by  which  the  solid  ^obe 
or  nucleus  is  denser  than  the  fluid,  is  collected  in  the  cen- 
tre.    We  have  seen  that  this  will  make  no  change  in  the 
gravitaticm  of  any  particle  of  the  incumbent  fluid.     Thus, 
we  have  a  solid  globe,  covered  with  a  fluid  of  the  same 
density ;  and,  besides  the  mutual  gravitation  of  the  parti- 
cles  of  the  fluid,  we  have  a  force  of  the  same  nature  acting 
on  every  one  of  them,  directed  to  the  central  redundant 
matter.     Now,  let  the  globe  liquefy  or  dissolve.     This  can 
induce  no  change  of  force  on  any  particle  of  the  fluid.    Let 
us  then  determine  the  form  of  the  now  fluid  spheroid, 
which  will  maintain  itself  in  rotation.     This  being  deter- 
nuned,  let  the  globe  again  become  solid.     The  remaining 
fluid  will  not  change  its  form,  because  no  change  is  indu- 
ced on  the  force  acting  on  any  particle  of  the  fluid.     Call 
this  hypotheas  A. 

847.  In  order  to  determine  this  state  of  equilibrium^ 
cv  the  form  which  insures  it,  which  is  the  chief  difficulty, 
let  us  form  another  hypothesis  B,  difiering  from  A  only  in 
this  circumstance,  that  the  matter  collected  in  the  centre, 
instead  of  attracting  the  particles  of  the  incumbent  fluid 
with  a  force  decreasing  in  the  inverse  duplicate  ratio  of 
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their  distances,  attracts  them  with  a  force  increamng  in  the 
direct  ra^  of  their  distances,  keeping  the  same  inlensiija 
the  ^stance  of  the  pole  as  in  hypothesis  A.  This  fictitiou 
hypothesis,  similar  to  Hermann^  is  chosen,  because  a  mis 
so  constituted  will  maintain  the  fonn  of  an  accurate  ellip- 
tical spheroid,  by  a  proper  adjustment  of  the  proportioaaC 
its  axis  to  the  velocity  of  its  rotation.  This  will  eaaly  ap- 
pear. For  we  have  already  seen  that  the  mutual  gnnli- 
tion  of  the  particles  of  the  elliptical  fluid  spheroid  pradn- 
ces,  in  each  particle,  a  force  which  may  be  resolved  into 
two  forces,  one  of  them  perpendicular  to  the  aid^  ol 
proportional  to  the  distance  from  it,  and  the  other  perpen- 
dicular to  the  equator,  and  proportional  to  the  distmoe 
from  its  plane.  There  is  now  by  hypothesis  B  supcnKlded, 
on  each  particle,  a  force  proporUonol  to  its  distance  from 
the  centre,  and  directed  to  the  centre.  This  may  also  be 
resolved  into  a  force  perpendicular  to  the  axis,  and  ano- 
ther perpendicular  to  the  equator,  and  proportional  to  the 
distances  from  them.  Therefore,  the  whole  comlMned 
forces  acting  on  each  particle  may  be  thus  resolved  into 
two  forces  in  those  directions  and  in  those  proportioDS. 
Therefore,  a  mass  so  constituted  will  maintain  its  elliptical 
form,  provided  that  the  velocity  of  its  rotation  be  such 
that  the  whole  forces  at  the  pole  and  the  equator  are  in- 
versely as  tlie  axes  of  the  generating  ellipse.  We  are  to 
ascertain  tliis  form,  or  tliis  required  magnitude  of  the  cen- 
trifugal force.  Having  done  this,  we  shall  restore  to  the 
accumulated  central  matter  its  natural  gravitation,  or  its 
action  on  the  fluid  in  tlic  inverse  duplicate  ratio  of  the 
distances,  and  then  see  what  change  must  be  made  on  the 
form  of  the  spheroid  in  order  to  restore  the  eqniWirium. 

348.  Let  B  A  6  a  (Fig.  44.)  be  the  fictitious  elliptical 
spheroid  of  hypothesis  B.  Let  IMLbe  l)e  the  inscribed 
sphere.  Take  E  G,  (x^rpcndicular  to  C  £,  to  represent 
the  force  of  gravitation  oi*  a  }>article  in  £  to  the  central 
matter,  corresix>uding  to  the  distance  C  E  or  C  B.     Draw 
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C  G.    Dimw  also  A  I  perpendicular  to  C  A,  meeting  C  G 
in  I.   Describe  the  curve  GL  R,  whose  ordinates  G£,  LA, 

B3f,  4c.  ire  proportional  to  ^^,  -—5,  ^— p,  &c.  These 

ordinates  will  express  the  gravitations  of  the  particles  E, 
A*  M,  &C.  to  the  central  matter  by  hypothesis  A. 

In  hypothesis  A,  the  gravitation  of  A  is  represented  by 
A  Ly  but  in  hypothesis  B  it  is  represented  by  A  I.  For, 
in  hypothesis  B  the  gravitations  to  this  matter  arc  as  the 
distances.  £  G  is  the  gravitation  of  E  in  both  hypotlicses. 
Now,  EG:AL  =  CA  :  C  E-,  butEG:AI  =  CE: 
C  A— -In  hypothesis  A  the  weight  of  the  cohmin  A  is  re- 
presented by  the  space  A  L  G  E,  but  by  A I  G  E  in  iiy- 
potheds  B.  If,  therefore,  the  spheroid  of  hypotheses  B  was 
tit  equUUfHo,  while  turning  round  its  axis,  the  equilibrium 
is  destroyed  by  merely  changing  the  force  acting  on  the 
column  £  A.  There  is  a  loss  of  pressure  or  weight  sus- 
tained by  the  column  E  A.  This  may  be  expresed  by  the 
spsfie  L  G  I,  the  difference  between  the  two  areas  E  G I A 
and  E  G  L  A.  But  the  equilibrium  may  be  restored 
by  adding  a  column  of  fluid  A  M,  whose  weight  A  L  R  M 

LI  X  A E 
shall  be  equal  to  L  G  I,  which  is  very  nearly  = ^ 

In  order  to  find  the  height  of  this  column,  produce  G  E 
an  the  other  side  of  £,  and  make  E  F  to  £  G  as  the  den- 
flity  of  the  fluid  to  the  density  by  which  the  nucleus  cx- 
oesded  it.  £  F  will  be  to  £  G  as  the  gravitation  of  a  par- 
tide  in  £  to  the  globe  (now  of  the  same  density  with  the 
fluid)  is  to  its  gravitation  to  the  redundant  matter  collected 
in  the  centre.  Now,  take  D  £  to  represent  the  gravitation 
of  E  to  the  fluid  contained  in  the  concentric  spheroid 
E^^p,  which  is  somewhat  less  than  its  gravitation  to  the 
9^Tc  E  B  ^  6.  Draw  C  D  N.  Then  A  N  represents  the 
gravitation  of  A  to  the  whole  fluid  spheroid,  by  sec.  SI 3. 
In  like  manner,  N  I  is  the  united  gravitation  of  A  to  both 
the  fluid  and  the  central  matter,  in  the  same  hy{)othesis. 


] 
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But  in  hypothesis  A,  this  gravitatioii  is  rcprcsaited  bjf 
NL. 

Let  N  O  represent  the  centrifugal  force  affecting  the  pn- 
tide  Af  taken  in  due  proportion  to  N  A  or  N  L,  its  wiide 
gravitation  in  hjrpothesis  A.  Draw  C  K  O.  D  K  will  be 
tlie  centrifugal  force  at  E.  The  space  O  K  6  I  wil  ex- 
press the  whole  sen«ble  weight  of  the  fluid  in  A  £»  aeooiti- 
ing  to  hypothesis  B,  and  O  K  G  L  will  expiess  the  sane, 
according  to  hypothesis  A.  L  G I  is  the  difierenoe,  to  be 
compensated  by  means  of  a  due  addition  A  M. 

This  addition  may  be  defined  by  the  quadrature  of  the 
spaces  G  E  A  L  and  G  L  I.  But  it  will  be  abundantly 
exact  to  suppose  tliat  G  L  R  sensibly  ooinddes  with  a 
strught  line,  and  then  to  proceed  in  this  manner.  We 
have,  by  the  nature  of  the  curve  G  L  R, 

AL:EG  =  EC*:  AC' 
Also      AH,  orEGrA  I=EC  :AC 
Therefore  AL  :  A  I  =EC*:  AC 

Now,  when  a  line  changes  by  a  very  small  quantity,  the 
variation  of  a  line  proportional  to  its  cube  is  thrice  as  great 
as  that  of  the  line  proportional  to  the  root.  H  I  is  the 
quantity  proportional  to  E  A  the  increment  of  the  root 
EC.  I  L  is  proportional  to  the  variation  of  the  cube, 
and  is  therefore  very  nearly  equal  to  thrice  H  I. 

Therefore  since  E  G :  H  I  =  E  C  :  A  E,  we  may 

state  EG:LI=EC:8AE, 

or  3EG:L  I  =EC:AE. 

Now,  Q  O  L  R  may  be  considered  as  equal  to  Q  R  >(  A 
M,  or  as  equal  to  K  G  ^  A  M,  and  L  G  I  may  be  con- 
sidered as  equal  to  L  I  x  ^  A  E,  and  2KGxAM  =  L 
I^AE. 

Therefore    2KG:AE  =  LI:AM 
but  EC:AE  =  SEG:LI 

therefore       2KGxEC:AE«  =  8EG:AM. 

AE* 
and  2  KG:  ^^=3  EG:  AM 
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and  2K6:SEG=^^:  AM 


ia^  twice  the  aenoble  gravity  at  the  equator  b  to 
the  gravitatioa  to  the  central  matter  as  a  third  pro- 
portional to  radius  and  the  elevation  of  the  equator  is  to 
the  addition  necessaiy  for  producing  the  equilibrium  re- 
quired in  faypothens  A. 

This  addition  may  be  more  readily  conceived  by  means 
of  a  construction.  MakeAB:£^  =  2KG:  3EG.  Draw 
€  a  parallel  to  £  A,  and  draw  Cem^  cutting  A  N  in  m. 
Then  amis  the  addition  that  must  be  made  to  the  column 
AC.     A  amilar  addition  must  be  made  to  every  diameter 

TV* 

CT,  making  2  KG:3EG  —         :Tt,  and  the  whole 

will  be  in  equiUbrio, 

340.  This  determination  of  the  elliptidty  will  equally 
suit  those  cases  where  the  fluid  is  supposed  denser  than 
the  wciid  nucleus,  or  where  there  is  a  central  hollow.  For 
£  G  may  be  taken  negativelyi  as  if  a  quantity  of  mattor 
were  placed  in  the  centre  acting  with  a  repelling  or  centri- 
fugal force  on  the  fliud.  This  is  represented  on  the  other 
side  of  the  axis  B  b.  The  space  g  i  /  in  this  case  is  nega- 
tive, and  indicates  a  diminution  of  the  column  a  e,  in  order 
to  restore  the  equUtinium. 

350.  It  is  evident  that  the  figure  resulting  from  this 
ooDStmction  is  not  an  accurate  ellipse.  For,  in  the  ellipse, 
T  t  would  be  in  a  constant  ratio  to  V  T,  whereas  it  is  as 
V  T^  by  our  construction.  But  it  is  also  evident,  that  in  the 
cases  of  small  deviation  from  perfect  sphericity,  the  change 
of  figure  from  the  accurate  ellipse  of  hypothesis  B  is  very 
smalL  The  greatest  deviation  happens  when  E  ^  is  a  maxi- 
mum. It  can  never  be  sensibly  greater  in  proportion  to 
A  E  than  }  of  A  E  is  in  proportion  to  E  C,  unless  the  cen- 
trifugal force  F  D  be  very  great  in  comparison  of  the  gra- 
vity D  E.  In  the  case  of  the  Earth,  where  £  A  is  nearly 
sio  of  E  C,  if  we  suppose  the  mean  density  of  the  Earth 


8M  FHTncAL.ASTioiioinr. 

to  be  five  dmes  that  of  sea  water,  am  will  not  exceed 
ji  An  of  E  C,  OT  gf  y  of  A  E. 

351.  We  are  not  to  ima^ne  that,  once  oentral  nutter 
requires  an  addidon  A  M  to  the  spharoid,  a  greater  dea- 
uty  in  the  interior  parts  of  this  globe  requires  a  greita 
equatorial  protuberancy  than  if  all  were  homogeneom; 
for  it  is  just  the  contrary.  The  sphermd  to  which  the  id- 
dition  must  be  made  b  not  the  figure  suited  to  a  ho^xf^ 
neous  mass,  but  a  ficddous  figure  employed  as  a  step  to 
facilitate  invesdgadon.  We  must,  therefore,  define  its  d* 
lipdcity,  that  we  may  know  the  shape  resulting  from  the 
final  adjustment 

Lety*  be  the  density  of  the  fluid,  and  n  the  density  of 
the  nucleus,  and  let  n  — y  be  =  9,  so  that  q  corresponds 
with  E  G  of  our  oonstuction,  and  expresses  the  redundant 
central  matter  (or  the  central  deficiency  of  matter,  when 
the  fluid  is  denser  than  the  nucleus).  Let  B  C  or  EC£  be 
r,  A  E  be  X,  and  let  g  be  the  mean  gravity  (primidye), 
and  c  the  centrifugal  force  at  A.  Lastly,  let  «>  be  the  cir- 
cumference when  the  radius  of  the  circle  is  1. 

The  gravitadon  of  B  to  the  fluid  spheroid  is  5  ^fr 
(337),  and  its  gravitadon  to  the  central  matter  is  i^qr. 
The  sum  of  tliesc,  or  the  whole  gravitadon  of  B,  is  f  «*  n  r. 
This  may  be  taken  for  the  mean  gravitadon  on  every  pobt 
of  the  spheroidal  surface. 

But  the  whole  gravitation  of  B  differs  considerably  from 
that  of  A. 

Imoy  C  A,  or  C  E,  is  to  }  A  E  as  the  primidve  gravity 
of  B  to  the  spheroid  is  to  its  excess  above  the  gravitation 
(primitive)  of  A  to  the  same,  (SS7.)  That  is,  r:}*= 
f  fl^yV :  ^•j  •'y^r,  and  ^^  vfx  expresses  this  excess. 

2cb,  In  hypothesis  B,  we  have  C  E  to  C  A  as  the  gra- 
vitadon of  B  or  E  to  the  central  matter  is  to  the  gravita- 
tion of  A  to  the  same.  Therefore  C  E  is  to  E  A  as  the 
gravitadon  of  £  to  this  matter  is  to  the  excess  of  A^s  gni- 
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vitatkm  to  the  same.  This  excess  of  A^s  gravitation  is 
exjvessed  by  §  *  qxyfor  rixzzi^qrzi  wqx. 

SOa.  YiTithout  any  sensible  error,  we  may  state  the  ratio 
cfff  to  c  as  the  ratio  of  the  whole  gravitation  of  A  to  the 
centrifugal  tendency  excited  in  A  by  the  rotation*    There- 

fore  gi  czz  §^nr:  -^ — ,  and  this  centrifugal  tenden- 
cy of  the  particle  A  is  -j. .  This  is  what  is  express- 
ed by  N  O  in  our  construction. 

The  whole  difference  between  the  gravitations  of  B  and 

A  is  therefore  tV  *f^  —  I  '9  '  +  -^ •    The  gravita- 

tion  of  B  is  to thb difference  as  f  'n r  to  j'j  wfx  —  i^qx 

+     Q^^»or  (dividing  all  by  J  *n)  as  r  to-ii— 2f  i  11^ 
^g  on      n  "   g 

Now  the  equilibrium  of  rotation  requires  that  the  whde 

polar  force  be  to  the  sensible  gravitation  at  the  equator  as 

the  radius  of  the  equator  to  the  semiaxis  (824.)     There- 

fore  we  must  make  the  radius  of  the  equator  to  its  excess 

above  the  semiaxis  as  the  polar  gravitation  to  its  excess 

above  the  sensible  equatorial  gravitation.      That  is  r :  x 

=:r  :*^  —  ^ — I ,  and    therefore  x  zs*^. 

5n        n       g 

C  T  Ox         fx 

Hence  we  have  —  =  x  +  s ^ — 

g  n      on 

Therefore  £1  =  x  +  2f -Zf«  ff, 
g  n        n       on 

Bn  \  hn  / 

cr  5ncr  ■ . i  • 

■s-2r>=  =-7i rr-7.9  which  18  morc  conve- 


5n 

qx 
n 

But  q 

=  n 

-f- 

=  X  + 

X  — . 

6/x 
6n 

Wherefore 

X    ■:=. 

g-+ 


O-I) 


nicntly  expressed  in  thb  form  x  —  -^  x !L__ .  The 
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species,    or  ellipticity   of   the   spheroid   is  -^  s  --  > 
n 


5n-3f' 

Such  then  is  the  elliptical  spheroid  of  hypothesis  B ;  tnd 
we  saw  that,  in  respect  of  form,  it  is  scarcely  disfingwMi' 
able  from  the  figure  which  the  mass  will  have  when  the 
fictitious  force  of  the  central  matter  gives  place  to  theni> 
tural  force  of  the  dense  spherical  nucleus.  This  is  true  it 
least  in  all  the  cases  where  the  centrifugal  force  is  voj 
small  in  comparison  with  the  mean  gravitaticHi. 

We  must  therefore  take  some  notice  of  the  influence 
which  the  variations  of  density  may  have  oo  the  fivm  of 
this  spheroid.  We  may  learn  this  by  attending  to  the  fir- 
mula 

X       5c  n  m 


The  value  of  this  formula  depends  chiefly  on  the  fnctim 

n 
5n  —  3f' 

352.  If  the  density  of  the  interior  parts  be  immense}}' 
greater  than  that  of  the  surrounding  fluid,  the  value  of  this 

X  C 

fraction  becomes  nearly  ^,  and  —  becomes  nearly  =  --) 

and  the  ellipse  nearly  the  same  with  what  Hermann  assgn- 
ed  to  a  homogeneous  fluid  spheroid. 

If  n  =  &f;  then =  — ;  and,  in  the  case  of 

•^*  5n  —  3f     2'Jt  ' 

the  Earth,  -  would  be  nearly  =r 71,  making  an  equa- 
torial elevation  of  nearly  7  miles. 

358.  If  n  ==/^  the  fraction —    becomes    ^,    and 

•/ 

=  — ,  which  we  have  already  shewn  to  be  suitable  to  a 

''    ^e  .      .  .      .         ^u 

homogeneous  spheroid,  with  which  this  is  equivalent   The 

1 
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protubennoe  or  ellipdcitj  in  this  cose  is  to  that  when  the 
nucleus  is  inoompanbly  denser  than  the  fluid  iu  the 
^prqpattiaa  of  5  to  2.  This  is  the  greatest  elliptidtj  that 
can  obtain  when  the  fluid  is  not  denser  than  die  nucleus. 

Between  these  two  extremes,  all  other  values  of  the  for- 
mula are  competent  to  homogeneous,  sphennds  of  gravitate 
ing  fluids,  eofering  a  spherical  nucleus  of  greater  dennty, 
other  unifbnnly  dense,  or  consisting  of  concentric  spheri- 
cal strata,  each  of  which  is  uniibnnly  dense. 

From  this  view  of  the  extreme  cases,  we  may  infer  in 
general,  that  as  the  incumbent  fluid  becomes  rarer  in  pro- 
portion  to  the  nucleus,  the  elliptidty  diminishe&  M.  Ber- 
noulli (Daniel),  misled  by  a  gratuitous  assumption,  says  in 
his  theory  of  the  tides  that  the  ellipdcity  produced  in  the 
aereal  fluid  which  surrounds  this  globe  will  be  800  times 
greater  than  that  of  the  solid  nucleus ;  but  this  is  a  mis- 
take, which  a  juster  assumption  of  daia  would  have  pre- 
vented. The  aereal  spheroid  will  be  sensibly  less  oblate 
than  the  nucleus. 

It  was  said  that  the  value  of  the  formula  depended  diief- 

Aft. 

Iv  on  the  fraction  ^ :t^.     But  it  depends  also  on  the 

•^  5n  —  3/ 

the  fraction  —,  increasing  or  diminishing  as  c  increases  or 

dimiinshes,  or  as  g*  diminishes  or  increases.     It  must  also 

be  remarked  that  the  theorem  —  =r  -—  forahomoiKneous 

qihennd  was  deduced  from  the  supposition  that  the  eccen- 
tricity is  very  small  (See  sect  S35,  S40.)  When  the  rota- 
tion is  very  rapid,  there  is  another  form  of  an  elliptical 
spheroid,  which  is  in  that  kind  of  equUibrkim,  which,  if  it 
be  disturbed,  will  not  be  recovered,  but  the  eccentricity  will 
increase  with  great  rapidity,  till  the  whole  dissipates  in  a 
round  flat  sheet. .  But  widiin  this  limit  there  is  a  kind  of 
stability  in  the  equUibriumy  by  which  it  is  recovered  when 
it  is  disturbed.  If  the  rotation  be  too  rapid,  the  spheroid 
Vol.  III.  R 


f8B  nrrtieAL  AtTMvainr. 

becomes  more  oblate,  and  the  fluids  which  afieumidalf 
about  the  equator,  having  less  velocity  than  that  dide,  re- 
tard the  motion.  This  goes  on  however  some  time,  till  tkc 
true  shape  is  overpassed,  and  then  the  aocumulatioo  relaie& 
The  motion  is  now  too  slow  for  this  accumulation,  and  the 
waters  flow  back  agun  toward  the  poles.  Thus  an  oscilli- 
tion  is  produced  by  the  disturbance,  and  this  is  graduaUy 
diminished  by  the  mutual  adhesion  of  the  waters,  and  bj 
friction,  and  things  soon  terminate  in  the  fesumptiba  of  the 
proper  form. 

S54.  When  the  density  of  the  nucleus  is  less  than  that 
of  the  fluid,  the  varieties  which  result  in  the  form  &om  s 
variation  in  the  density  of  the  fluid  are  much  greater,  and 
more  remarkable.     Some  of  them  are  even  paradoxicd. 
Cases,  for  example,  may  be  put,  (when  the  ratio  of  fi  to/ 
difiers  but  very  little  from  that  of  3  to  6),  where  a  veiy 
small  centrifugal  force,  or  very  slow  rotation,  shall  produce 
a  very  great  protuberance,  and^  on  the  contrary,  a  veiy 
rapid  rotation  may  consist  with  an  oblong  form  like  an  ^. 
But  these  are  very  singular  cases,  and  of  little  uie  in  the 
explanation  of  the  phenomena  actually  exhibited  in  the 
solar  system.    The  equ\l\br\um  which  obtains  in  sudi  cases 
may  be  called  a  toiiering  equilibriumj   which,  when  once 
disturbed,  will  not  be  again  recovered,  but  the  dissipsticm 
of  the  fluid  will  immediately  follow  with  accelerated  speed. 
Some  cases  will  be  considered,  on  another  occasion,  where 
there  is  a  deficiency  of  matter  in  the  centre,  or  even  a  hoL 
low. 

S55.  The  diief  distinction  between  the  cases  of  anudeus 
covered  with  an  equally  dense  fluid,  and  a  dense  nudeus 
covered  with  a  rarer  fluid,  consists  in  thedifierenoe  between 
the  polar  and  equatorial  gravities ;  for  we  see  that  the  dif- 
ference in  shape  is  inconsiderable.  It  has  been  shewn  al- 
ready that,  in  the  horaongeneous  spheroid  of  small  eooen- 
tridty,  the  excess  of  the 'polar  gravity  above  the  sensible 


eqoatoml  graYity  18  netrly  equal  to  ^  (forr:}^  :=g: 
€- Y    When,  in  addition  to  tins,  we  take  into  account  the 

diminution  c,  produced  by  rotation,  we  have  ^—  4-  cfor  the 

whole  difference  between  the  polar  and  the  aeuihle  equa*> 
torial  gravity.    But,  in  a  homogeneous  spheroid,  we  have 

x  =  --T — .  Therefore  the  excess  of  polar  gravity  in  a  homo- 

.    .     c  6c 

geneous  revolving  spheroid  is  -7-  +  c  or  — .  We  may  dis- 
tinguish tluB  excess  in  the  homogeneous  qiheidd  fay  the 
symbol  £. 

866.  But,  in  hypothesis  B,  the  equilibrium  of  rotation 

requires  that  r  be  to  «  as  ^  to  ^,  and  the  excess  of  polar 

gravity  in  this  hypothesis  is^-^.  Butwehave  also  seen  that 

in  this  hypothesis,  -  =  —-  x —    Therefore  the  ex- 

V      xg     0  n  —  oj 


cess  of  polar  gravity  in  this  hjrpothesis  «  -5-  *  = > 

Lei  this  excess  be  distinguished  by  the  symbol  1. 

357.  The  excess  of  polar  gravity  must  be  greater  than 
this  in  hypothesis  A.  For,  in  that  hypothesis  the-  equato- 
rial gravity  to  the  fluid  part  of  the  spheroid  is  already 
smaller.  And  this  smaller  gravity  is  not  so  much  increas- 
ed by  the  natural  gravitation  to  the  central  matter,  in  the 
invoie  duplicate  ratio  of  the  distance,  as  it  was  increased 
by  die  fictitious  gravity  to  the  same  matter,  in  the  direct 
ratio  ef  the  distances.  The  second  of  the  three  distinctions 
noticed  in  sect.  696.  between  the  gravitations  of  B  and  A 

was  —  Z-.     This  must  now  be  changed  into+  — ^  as 


s 
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may  easily  be  deduced  from  sect.  348,  where -^  ^  it  re- 
presented by  H I  in  Fig.  44,  and  the  excess,  farming  the 
compensation  for  hypc^esis  A  Is  represented  by  H  L, 
nearly  double  of  H  I,  and  in  the  opposite  direction,  ^bmi- 
mahing  the  gravitetbn  of  A.     The  difference  of  these  two 

states  is  — ^y  by  which  the  tendency  of  A  to  the  centnl 
matter  in  hypothesis  A  falls  short  of  what  it  was  in  hypo- 

tbensB.    Therefore,  as vf—,£f  +  £I  is  to-^,soistbe 

5n      n      g  n 

excess  i  to  a  quantity  ^,  which  must  be  added  to  s  in  ^^"^ 

to  produce  the  difierenee  of  gravities  «,  confiDniiable  to  the 

statement  of  hypothesis  A.    Now,  in  hypotheas  B  we  hsd 

X  =  "i-  —  Z-.  -I ,  and  we  may,  widiout  scruple,  sup- 

Qfh  fl  g 

pose  X  the  same  in  hypothesis  A.  Therefore  •:<  =  ': 
-i-,  =  1 :  .JL  and  •  p=  •  x  -*  =  •  ^  ^y  =  "S" 

^ —    o^^-*- — — ^j  =  -:r^^ o^    Add  to  this  4 

6n  — 3/  n       '       2      Bn — 3/^ 

which  is  <---  X  r->  and  we  obtain  for  the  excess  i  of 

2      5n— 3/* 

polar  gravity  m  hypothesis  A  =  —  x  __^ 

858.  Let  us  now  compare  this  excess  of  polar  gmvitjr 
above  the  sensibte  equatorial  gravity  in  the  three  byp^- 
theses :  l«f,  A^  suited  to  the  fluid  surrounding  a  spheri- 
cal nucleus  of  greater  deauty :  Set,  B,  suited  to  the  suns 
fluid}  suoroundkig  a  central  nucleus  which  altracta  with  a 
fiwoe  proportional  to  the  distance :  and,  3d,  C,  suited  to  a 
hamftgeneous  fluid  spheroid,  or  enclosing  a  sphmcal  nucleos 
of  equal.4ensi(y«  These  exoecnes  are 
A  5c,4n~3y 
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B  L*x   » 


2     Sn^3f 
_    5c         5e    5m— 3/* 

lib  evident  that  the  sum  of  A  and  B  is  -^  x  •- — "^  "^ 

wUch  is  double  of  C,  or  --  x  ^ — '^  ^ri^  and  therefore  C 

if  ibe  ttiihioetioal  mean  between  them. 

^T  «  t    '  5  r     4  ft  ••*•  3  /*  • 

Now  we  have  seen  that  --  x  -z -tt ^  expresses  the  ra- 

ftg     5  n  *—  Dj^     '^ 

tioof  the  ezoess  of  polar  gravity  to  the  mean  gnvity  inthe 

hjpotfaefls  A.     We  have  also  seen  that  --  x  = a-J^^J 

safely  be  taken  aa  the  value  of  the  elliptidty  in  the  same 
hypocheas.  It  is  not  perfectly  exact,  but  the  deviation  it 
allfljgether  insensible  in  a  case  hke  that  of  the  Earth,  wiuR 
the  rotation  and  the  eccentricity  are  so  moderate.  Amd^ 
lastly^  we  have  seen  that  the  same  fraction  that  expresses 
the  ratio  of  the  excess  of  polar  gravity  to^mean  gravity, 
in  a  homogeneous  spheroid,  also  expresses  its  elhpticity, 
and  that  twice  this  fraction  is  equal  to  the  sum  of  the  other 
two. 

369.  Hence  may  be  derived  a  beautiful  theorem,  fifst 
given  by  M.  Clairaut,  that  ihefracticn  ewpreuing  twiu 
the  dSpHeikf  qf  a  homogeneous  revolving  epl^eroid  is  ih$ 
JMM  £/*  two  JracHonsj  one  of  which  expresses  {he  ratio  of 
Af  ewcess  of  pctar  gravity  to  mean  gravity,  and  the  otTier 
tafressea  the  eOipticUy  of  any  spheroid  of  small  eccentric 
dkf^  iMch  consists  of  a  fluid  covering  a  denser  spherical 


If^  tbeiefiwe,  any  other  phenomena  ^e  us,  in  the  ease 
of  a  revolving  spherrad,  the  pn^xirtion  of  polar  and  equa« 
iorial  gravities,  we  can  find  its  ellipticity,  by  subtracting 
the  fraction  expresung  the  ratio  of  the  excess  of  polar  gnu 
Tity  to  the  mean  gravity  from  twice  the  ellipticity  of  a  ho- 


I 

• 


mogeneons  sphennd.  Thus,  in  the  cise  of  the  Eutli, 
twice  the  ellipUcity  of  the  homogeneous  spheroid  is  j\j.  A 
medium  of  seven  compansons  of  the  rate  of  pendulums  gi?es 
the  proportion  of  the  excess  of  polar  grayity  above  tbe 
tsean  gravity  s=  ^|^.  If  this  fxactioii  be  subtracted  fiom 
Hi47f  it  leaved  ^ky  for  the  medium  ellipticity  of  the  Earth. 
Of  these  seven  experiments,  five  are  scarcdy  diflSoent  in 
the  result.  Df  the  other  two,  -one  gives  an  ellipticity  not 
exceeding  ^ij.  The  agreement,  in*  general,  is  moompsr- 
ably  greater  than  in  the  forms  deduced  from  the  compan- 
sons of  degrees  of  the  meridian.  All  the  comparisons  that 
have  been  published  concur  in  giving  a  connderably  small- 
er eccentricity  to  the  terraqueous  spheroid  than  suits  a 
homogeneous  mass^  and  which  is  usually  called  Newtoa^s 
determination.  It  is  indeed  his  detemunation,  on  the  sop- 
pontion  of  homogeneity ;  but  he  expressly  says,  that  a 
^Uieient  density  in  tbe  interior  parts  will  induce  a  diflfemt 
jfbnn,  and  he  points  out  some  suppoatitious  cases,  not  in- 
deed very  }»obable,  where  the  form  will  be  AfiSerent 
Newton  has  not  conceived  this  subject  with  his  usual  saga- 
dty,  and  has  made  some  inferences  that  are  certainly  in- 
consistent with  his  law  of  gravitation. 

That  tlie  prbtuberancy  of  the  terrestrial  equator  is  cer- 
tainly less  than  y^y  proves  the  interior  parts  to  be  of  a 
greater  mean  density  than  the  exterior,  and  even  gives  us 
sdme  means  for  determining  how  much  they  exceed  in 

density.      For,  by  making  the  fraction  —  x    . — "^   "^ 

^^  linf  ^  indicated  by  the  experiments  with  pendulums, 
we  can  find  the  value  of  o. 

360.  The  length  of  the  seconds  pendulum  is  the  mea- 
sure of  the  aoceloraung  force  of  gravity.  Therefore,  let 
I  be  this  length  at  the  equator,  and  I  +  d  the  length 

at  the  pole.    We  have  ^  x  g_— s£.  =  j ,  whence 
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m^^4f=  r^.    This  equatkaiy  when  properly  treaU 

^B^^f  =80cl~10yd>  "^"^  ^ 

The  Mme  pnndples  may  be  BppHei  to  any  other  planet 

aa  weU  aa  to  thia  Earth.    Thua,  we  can  tell  what  portkin 

of  die  equatorial  gravity  of  Jupitav*  eaqponded  in  keeping 

bodies  on  bis  sorfiice,  by  comparing  the  time  of  his  ro- 

tatkm  with  the  period  of  one  of  his  satellites.    We  6nd 

that  the  centrifugal  fixce  at  Ins  equator  is  .W  of  the  whole 

&  c  ^ 
gravity,  and  from  the  equation  -7 —  =  x^  we  should  in- 

fer,  that  if  Jupiter  be  a  homogeneous  fluid  or  flexible  spbe- 
raid,  his  equatorial  diameter  will  exceed  iiis  polar  azianeai^- 
ly  10  parts  in  llS,  which  is  not  veiy  diflerent  ficom  what 
.  we  dbserve ;  so  much,  however,  as  to  authorise  us  to  con^ 
dude^  that  his  density  is  greater  near  the  oentre  than  on 
his  8urfiu9e» 

These  observations  must  suflice  as  an  account  of  this 
suligect  Many  cireumstanoes  of  great  effieot  are  omitted, 
that  the  conrideration  might  be  reduced  to  such  simplicity 
as  to  be  discussed  without  the  aid  of  the  higher  geometry. 
The  student  who  wishes  for  more  complete  information 
must  consult  the  elaborate  performances  of  Euler,  Clair- 
aut,  D' Alembert,  and  La  Place.  The  dissertation  of  Tb. 
Simpson  on  the  same  subject  is  excellent  The  disserta- 
tion of  F.  Bosoovich  will  be  of  great  service  to  those,  who 
are  less  versant  in  the  fluxionary  calculus,  that  author 
having  every  where  endeavoured  to  reduce  things  to  a 


*  We  bsve  infbnmtion  Ttry  btdj  of  the  measarement  of  a  da- 
gnt,  by  Miyor  Lambto&y  in  the  Mysore  in  India,  with  ezoellent  in- 
struments. It  lies  in  lat  18°  33'^  end  iU  length  is  60494  British 
ftthomi.  We  sre  also  informed^  by  Mr  Melanderhielm  of  the  Swe- 
dish academy^  that  the  measure  of  the  degree  in  Lapland  by  Mau- 
pertuiB  is  ftond  to  be  908  toises  too  great    This  was  suspeetsd. 
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geometrical  oonstniction.  To  these  I  nouU  add  the  Coi- 
mograpbia  of  FriuiM,  as  a  rery  masted j  perfimnanoe  ca 
this  part  of  his  subject. 

It  were  desirable  that  another  <demeiit  were  added  to 
the  pfoUem,  by  supponng  the  planet  tooonaist  of  cohereBl 
flexible  matter.  It  is  apptriwaided,  that  this  wcuid  give  il 
a  fbrm  more  appIicablMa  the  actual  state  of  thuigs.  If  a 
phmet  coouNSt  of  sach  matter,  ductile  like  melted  glaas^  the 
diape  which  rotatioD,  combined  with  gravitaticm  and  this 
kind  of  cohesion,  would  induce,  will  be  oonaiderably  cfit 
fermit  from  what  we  have  been  considering,  and  susceptible 
of  great  variety,  according  to  the  thickness  of  the  shdl  of 
which  it  is  supposed  to  conost.  The  form  of  such  a  sfaeB 
will  have  the  diief  influence  on  the  form  which  will  be  as- 
sumed by  an  ocean  or  atmoiphere  which  may  sumwnd  it 
If  the  ^kAx  of  Mars  be  as  eccentric  as  the  late  observatidas . 
indicate  it  to  be,  it  is  very  probable  that  it  is  hoUow,  with 
no  great  thickness.  For  the  centrifugal  force  must  be  es- 
oeedingly  small. 

861.  The  most  singular  example  of  this  phenamenoa 
that  is  exhibited  in  the  solar  system,  is  the  vast  arch  or 
ring  whidi  surrounds  the  planet  Saturn,  and  turns  round 
its  axis  with  most  astonishing  rajMdity.  It  is  above  5900000 
nules  in  diameter,  and  makes  a  complete  rotation  in  ten 
hours  and  thirty-two  minutes.  A  pcnnt  on  its  surface 
moves  at  the  rate  of  1000^  miles  in  a  minute,  or  neariy  IT 
miles  in  one  beat  of  the  clock,  which  is  58  times  as  swift 
as  the  Earth^s  equator. 

M.  La  Place  has  made  the  mechanism  of  this  motion  a 
sulgect  of  his  examination,  and  has  prosecuted  it  with  great 
zeal  and  much  ingenuity.  He  thinks  that  the  permanent 
state  of  the  ring,  in  its  period  of  rotation,  may  be  exfdain- 
ed,  on  the  supposition  that  its  parts  are  without  connexiooy 
i^evdving  round  the  planet  like  so  many  satellites,  so  thst 
it  may  be  consida^  as  a  vapour.  It  appears  to  me,  that 
bis  is  not  at  all  probable.    He  says,  that  the  observed  in- 
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equalities  io  the  ciide  of  Ihe  ring  are  neoenaiy  fiar  keeping 
it  froiaeoitoaring  with  the  planet  Such  inequalitiea  aeem 
inoooipttible  widi  its  own  oonstitutioni  being  inoonaatent 
with  the  ^^pdUirmm  of  fbrow  among  inoohexent  bodies, 
Beajdesy  as  he  supposes  no  cohesion  in  it,  any  inpqiialities 
in  the  constitution  of  its  diflTerent  parts  cannot  influence 
the  general  motimi  of  the  whole  in  the  wumner  he  enp^ 
poseSf  but  merely  by  an  inequality  of  gravitation.  The 
eSect  of  this,  it  is  apprehended,  would  be  to  destroy  the 
pennanency  of  its  construction,  without  securing!  as  he 
inuigines,  the  steadiness  of  its  position.  But  this  seems  to 
be  the  point  which  he*is  eager  to  establish ;  and  he  find% 
in  the  numerous  list  of  possilnlities,  conditions  which  brinjg 
things  within  his  general  equation  for  the  equilibrium  of 
revolTing  spheroids ;  but  the  equation  is  so  very  general, 
and  the  conditions  are  so  many,  and  so  implicated,  that 
there  is  reason  to  fear,  that,  in  some  drcumstanoes,  the 
eguiUbrkim  h  of  that  kind  that  has  no  stability,  but,  if 
disturbed  in  the  smallest  degree,  is  destroyed  altogether, 
being  like  the  equHibrium  of  a  needle  poised  upright  on 
its  point.  There  is  a  stronger  objection  to  M.  La  Placets 
explanation^  He  is  certainly  mistaken  in  thinking,  that 
the  period  of  the  rotation  of  the  ring  is  that  which  a  sateU 
lite  would  have  at  the  same  distance.  The  second  Cassi* 
nian  satdlite  revcdves  in  65''  44',  and  its  distance  is  55,2 
(the  ekmgation  in  seconds).  Now  6tf» '44f  :  10*  5:ii|*-= 
56,«' :  16,4^.  This  is  the  distance  at  whkh  a  satellite 
would  revolve  in  lO*"  32^.  It  must  be  somewhat  less  than 
this,  on  account  of  the  oblate  figure  of  the  planet  Yet 
even  this  is  less  than  the  radius  of  the  very  inmost  edge  of 
the  ring.  The  radius  of  the  outer  edge  is  not  less  than 
9Sti,  and  that  of  iu  middle  is  SO. 

It  is  a  much  m(xre  probable  supposition  (for  we  can  only 
suppose),  that  the  ring  consists  of  coherent  matter.  It  has 
heen  represented  as  supporting  itself  like  an  arch ;  but  this 
is  less  admissible  than  La  Placets  opinion.     The  rapidity 
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of  ratstion  is  tiidi  as  wouU  famnedwld  j  iofttflr  die  inh, 
m  water  is  flirted  about  from  a  mop.    The  ring  Bint  » 
here,  and  even  oohere  with  oonadefaUe  fbroey  m  enkr  ti 
counteract  the  centrifagal  foroe,  wludi  oonaderaUj  cueedi 
its  weight    If  this  be  admitted,  and  sorely  it  is  dKnoH 
obrious  and  natural  opnion,  there  wUl  be  no  fiftndtj 
arising  from  the  Telocity  of  rotation  or  the  imgufanilj  ef 
its  parts.    M.  La  Place  might  eaaly  plesae  his  tmcf  hj 
contriving  a  mechanism  for  its  motion.     We  may  siippoie 
that  it  is  a  vtsdd  substance  like  melted  glass.     If  mstter 
of  this  constituticm,  covering  the  equator  of  a  jdanet,  tam 
round  its  axis  too  swiftly,  the  viscid  matter  will  be  thromi 
off,  retaining  its  velocity  of  rotation.     It  will  thereftie  ex- 
pand into  a  ring,  and  will  remove  from  the  planet,  till  die 
velocity  of  its  equatorial  motion  correspond  with  its  dift- 
meter  and  its  curvature.    However  small  we  suppose  the 
cohesive  or  viscid  fbroe,  it  will  cause  this  ring  to  stop  at  s 
dimenrion  smaller  than  the  orbit  of  a  planet  mofing  with 
the  same  velodty. — These  seem  to  be  legitimate  conse- 
quences of  what  we  know  of  coherent  matter,  and  thcj 
gready  resemble  what  we  see  in  Satum^s  ring.     This  con- 
stitution of  the  ring  is  also  well  fitted  for  admitting  thoee 
irregularities  which  are  indicated  by  the  spots  on  the  xingy 
and  which  M.  La  Place  employs  with  so  much  ingeniuty 
for  keeping  the  ring  in  such  a  position,  that  the  planet  si* 
ways  occupies  its  centre.     This  is  a  very  curious  dream- 
stance,  when  conudered  attentively,  and  its  importance  is 
fiir  from  being  obvious.      The  planet  and  the  ring  are 
quite  separate.     The  planet  is  moving  in  an  orbit  round 
the  Sun.     The  ring  accompanies  the  planet  in  all  the  ir- 
regularities of  its  motion,  and  has  it  always  in  the  middle. 
This  ingenious  mathematidan  gives  strong  reasons  for 
thinking,  that  if  the  ring  were  perfectly  circular  and  uni- 
fbrm,  although  it  is  possible  to  place  Saturn  exactly  in  its 
centre,  yet  the  smallest  disturbance  by  a  satellite  or  pass- 
ing comet  would  be  the  beginning  of  a  derangement. 


woaM  rapidly  incKMe,  and,  after  a  very  short  time,  Sa- 
turn wouU  be  in  eontact  with  die  inner  edge  of  the  ring, 
never  more  to  aeparate  from  it  But  if  the  ring  is  not 
umfimn,  but  more  masave  on  one  nde  of  the  centre  than 
on  the  other,  then  the  planet  and  the  ring  may  levolve 
round  a  common  centre,  very  near,  but  not  cdindding  with 
the  centre  of  the  ring.  He  also  maintains,  that  the  oUate 
form  of  the  pUmet  is  another  drcumstance  absolutely  ne- 
cessary for  the  stability  of  the  ring.  The  redundancy  of 
the  equator,  and  flatness  of  the  ring,  fit  these  two  bodies 
for  acting  on  each  other  like  two  magnets,  so  as  to  adjust 
each  other*8  motions. 

The  whole  of  this  onalyus  of  the  mcdianism  of  Satum^s 
ring  is  of  the  most  intricate  kind,  and  is  carried*  on  by  the 
author  by  calculus  akme,  so  as  not  to  be  instructive  to  any 
but  Yery  learned  and  expert  analysts.  Several  points  of 
it,  however,  might  have  been  treated  more  familiarly. 
But,  after  all,  it  must  rest  entirely  on  the  truth  of  the  con- 
jectures or  assumptions  made  tar  procuring  the  possible 
application  of  the  fundamental  equations. 

362.  The  Moon  presents  to  the  reflecting  mind  a  phe- 
nomenon that  is  curious  and  interesting.  She  always  pre- 
sents the  same  face  to  the  Earth,  and  her  appearance  just 
now  perfectly  corresponds  with  the  oldest  accounts  we  have 
of  the  spots  on  her  disk.  These,  indeed,  are  not  of  very 
ancient  date,  as  they  cannot  be  anterior  to  the  telescope. 
But  this  is  enough  to  shew  that  the  Moon  turns  round  her 
axis  in  precisely  the  same  time  that  she  revolves  round  the 
Earth.  Such  a  precise  coincidence  is  very  remarkable, 
and  naturally  induces  the  mind  to  speculate  about  the 
cause  of  it  Newton  ascribed  it  to  an  oblong  oval  figure, 
more  dense,  or  at  least  heavier,  at  one  end  than  at  the 
other.  This  he  thought  might  operate  on  the  Moon  some- 
what in  the  way  that  gravity  operates  on  a  pendulum.  He 
defines  this  figure  in  Proposition  38.  B.  III. ;  and  as  the 
eooentricity,  or  any  deviation  of  its  centre  of  gravity  froin 
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that  of  its  figure^  is  extremely  small,  the  vts  diipanet^,  by 
which  one  diameter  is  directed  towards  the  Earth,  is  abo 
▼ery  minute,  and  its  operation  must  be  too  slow  to  keep 
one  face  steadily  turned  to  the  Earth,  in  opposition  to  the 
momentum  of  rotation  round  the  axis,  seven  or  eight  days 
being  all  the  time  that  is  allowed  for  producing  this  effect. 
Therefore  we  observe  what  is  called  the  lAbraiiom  of  the 
Moon,  arising  from  the  uniform  rotation  of  the  Moon, 
combined  with  her  unequable  orbital  motion.    One  diame- 
ter of  the  Moon  is  always  turned  to  the  upper  focus  of  her 
orbit,  because  her  angular  motion  round  that  focus  is  al- 
most perfectly  uniform,   and  therefore  corresponds  \rith 
her  uniform  rotation.    But  that  diameter  which  is  towards 
us  when  the  Moon  is  in  her  apogee  or  perigee,  deviates 
from  the  Earth  almost  six  degrees  when  she  is  in  quadra- 
ture.    But  although,  in  the  short  space  of  eight  days,  the 
pendulous  force  of  the  Moon  cannot  prevent  this  deviation 
altogether,  it  undoubtedly  lessens  it     It  is  said  to  produce 
another  effect.     If  the  original  projection  of  the  Moon  in 
the  tangent  of  her  orbit  did  not  precisely,  but  very  nearly, 
correspond  with  the  rotation  impressed  at  the  same  time, 
this  pendulous  tendency  would,  in  the  course  of  many 
ages,  gradually  lessen  the  difference,  and  at  last  make  the 
rotation  perfectly  commensurate  with  the  orlntal  revolu- 
tion. 

But  we  apprehend,  that  this  conclusion  cannot  be  ad^ 
mitted.  For,  in  whatever  way  we  suppose  this  arran^ng 
force  to  operate,  if  it  has  been  able,  in  the  course  of  ages, 
to  do  away  some  small  primitive  difference  between  the 
velocity  of  rotation  and  the  velocity  of  revolution,  it  must 
certainly  have  been  able  to  annihilate  a  much  smaller  dif- 
ference in  the  position  of  the  Moon^s  figure,  namely,  the 
obliquity  of  the  axis  to  the  plane  of  the  orbit.*     It  de- 

*  The  axis  round  which  the  rotation  of  the  Moon  is  performed  is 
inclined  to  the  plane  of  the  ecliptic  in  an  angle  of  88^°,  and  it  is  in- 
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vialea  about  1  or  S  degrees  from  the  perpendicular,  and  it 
firmly  reCaini  this  obliquity  of  position ;  and  no  observa- 
ticm  ean  diaoover  any  deviation  from  perfect  parallelism  of 
the  axis  in  all  "situations.  It  surely  requires  much  less 
aetioii  of  the  directing  force  to  produce  this  change  in  the 
position  of  the  axis,  than  to  overcome  even  a  very  small 
difference  in  angular  motion,  because  this  last  difference 
accumulatjps,  and  makes  a  great  difference  of  longitude. 

These  considerations  seem  to  prove,  that  the  constant 
appearance  of  one  and  the  same  part  of  the  Moon^s  sur- 
ftoe  has  not  been  produced  by  the  cause  suspected  by 
Newton.  The  coincidence  has  more  probably  been  origi- 
naL  We  have  no  reason  to  doubt,  that  the  same  consum- 
mate skin  that  is  manifest  in  eveiy  part  of  the  aystem,  in 
which  every  thing  has  an  accurate  adjustment,  pandere  ei 
mauuri,  also  made  the  primitive  revolution  rotation  of 
the  Moon  that  which  we  now  behold  and  admire.  The 
manifiast  subserviency  to  great  and  good  purposes,  in  every 
tfaing^that  we  in  some  measure  understand,  leaves  us  no 
nxNn  to  ioMffne  that  this  adjustment  of  the  lunar  motions 
is  not  equally  proper. 

S6S.  Philosophers  have  speculated  about  the  nature  of 
that  body  of  fiuntly  shining  matter  in  which  the  Sun  seems 
immerged,  and  is  called  the  zodiacal  lights  because  it  lies 
in  the  zodiac  It  b  rarely  perceptible  in  this  climate,  yet 
may  sometimes  be  seen  in  a  clcar'aight  in  February  and 
Marchy  appearing  in  the  west,  a  httle  to  the  north  of  where 
the  Sun  set,  like  a  beam  of  faint  yelbwish  grey  light, 
slanting  toward  the  north,  and  extending,  in  a  pointed  or 
leaf  diape^  about  ei^t  or  ten  d^iees.     The  appearance  is 


cUaed  to  die  plane  of  the  liuar  orbit  asi  Itisahv«7s  ritsaltd  ia 
the  plane  pasuDg  through  the  poles  of  die  ecliptic  tod  of.  the  lunai 
ortdt.  It  therefore  deviates  about  1^  from  the  axis  of  the  edipticj 
and  r  ftom  that  of  the  Moon's  orbit  Tbe  descending  node  of  the 
Moeofs  cqoalor  csinddiei  widi  the  asoen^ng  node  of  her  orbit 
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nearly  what  would  be  ezhiUted  l^  a  shining  or  veflecdng 
atmosphere  surrounding  the  Sun,  and  extending,  in  tb« 
plane  of  the  ecliptic,  at  least  as  far  as  the  cnrbit  ol  Mer- 
cury, but  of  small  thickness,  the  whole  being  flat  like  a 
cake  or  disk,  whose  breadth  b  at  least  ten  times  its  thick- 
ness in  the  middle. 

This  has  been  the  subject  of  speculation  to  the  mechani- 
cal  jAilosophcn.  It  is  something  connected  with  the  Sun. 
We  have  no  knowledge  of  any  connecting  prindple  but 
giavitation.  But  simple  gravitation  would  gather  this  at- 
mosphere into  a  globular  shape,  whereas  it  is  a  veiy  oblate 
disk  or  lens.  Gravitatioa,  combined  with  a  proper  revo« 
lution  of  the  particles  round  the  Sun,  might  throw  the  va- 
pour into  this  form ;  and  the  object  of  the  qieculation  is 
to  assign  the  rotation  that  is  suitable  to  it  If  the  so- 
diacal  light  be  produced  by  the  reflection  of  an  atmosphere 
that  is  retained  by  gravity  alone,  without  any  mutual  ad- 
hesion of  its  particles,  it  cannot  have  the  form  that  we  ob- 
serve. The  greatest  proportion  that  the  equatorial  di»> 
meter  can  have  to  the  polar  is  that  of  8  to  2 ;  for,  beyond 
that,  the  centrifugal  force  would  more  than  balanoe*its  gra- 
vitation, and  it  would  dissipate.  A  very  stnmg  adhesion 
is  necessary  for  giving  so  oblate  a  form  as  we  observe  in 
the  zodiacal  light.  Combined  with  this,  it  may  indeed  ex* 
pand  to  any  degree,  by  rapidly  whirling  about,  as  we  see 
in  the  manufacture  of  crown-glass.  But  how  is  this  whirl- 
ing given  to  the  solar  atmosphere  ?  It  may  get  it  by  the 
mere  action  of  the  surface  of  the  Sun,  in  the  mann^  de- 
scribed by  Newton  in  his  account  of  the  production  of  the 
Cartesian  vortices.  The  surface  drags  round  what  is  in 
contact  with  it  This  stratum  acts  on  the  next,  and  com- 
municates to  it  part  of  its  own  motion.  This  goes  on  from 
stratum  to  stratum,  till  the  outermost  stratum  begins  to 
move  also.  All  thb  while,  each  interior  stratum  is  circu- 
lating more  swiftly  than  the  one  immediately  without  it 
Therefore  they  are  still  acting  on  one  another.     It  is  very 
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evident  tliil  a  permaneiit  state  b  not  acquired,  till  all  turn 
round  in  the  same  time  with  the  Sun''8  body.  This  cir- 
cumttmoe  limits  the  possible  expansion  of  an  atmosphere 
that  does  not  cohere.  It  cannot  exceed  the  orbit  of  a  pUu 
nel  which  would  revolve  round  the  Sun  in  that  time.  But 
the  lo^acal  li^t  extends  much  farther. 

The  discoveries  of  Dr  Herschel  on  the  surface  of  the 
Sun,  if  confirmed  by  future  observation,  render  this  pro- 
duction of  the  zodiacal  light  inconceivable.  For  motions 
and  changes  are  observed  there,  which  shew  a  perfect 
fieedom,  not  constrained  by  the  adhesion  of  any  superior 
strata.  This  would  give  a  constant  westerly  motion  on  the 
surfiice  of  the  Sun. 

The  difl&culty  in  accounting  for  thb  phenomenon  is 
greatly  increased  by  the  fact  that  when  a  comet  passes 
through  this  atmosphere,  the  tail  of  the  comet  is  not  per- 
ceptibly affected  by  it  The  comet  of  1748  gave  a  very 
good  cfppartamty  of  observing  this.  It  was  not  attended 
to;  but  the  descriptions  that  are  given  of  the  appearances 
of  that  oomct  shew  clearly  that  the  tsil  was  (as  usual) 
directed  almost  straight  upward  from  the  Sun,  and  there* 
five  it  mixed  with  this  vapour,  or  whatever  it  may  be^ 
without  any  mutual  disturbance. 

It  appears,  therefore,  on  the  whole,  that  we  are  yet  ig- 
nonaat  of  the  nature  and  medianism  of  the  zodiacal  li|^. 

864.  BefiHre  concluding  this  subject,  it  is  not  improper 
to  take  some  notice  of  an  observation  to  which  great  im^ 
portaoce  has  been  attached  by  a  certain  class  of  philoso- 
phers. We  shall  find  it  demonstrated  in  its  proper  place, 
that  when  the  force  which  impels  a  firm  body  forward,  acts 
in  a  direction  which  passes  through  its  centre  of  gravity,  it 
merely  impels  it  forward.  The  body  moves  in  that  direc* 
tion,  and  every  particle  moves  alike,  so  that,  during  its 
progress,  the  body  preserves  the  same  attitude  (so  to 
speak).  Taking  any  tranverse  line  of  the  body  for  a  dia* 
meter,  we  express  the  circumstance  by  saying,  that  this 
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diameter  keeps  parallel  to  itself,  that  is,  all  its  suooeMTe 
pontions  are  parallel  to  its  first  position.     But,  when  the 
moving  force  acts  in  a  line  which  passes  on  one  side  of  the 
centre  of  the  body,  the  body  not  only  advances  in  the  di* 
rection  of  the  force,  but  also  changes  its  attitude,  by  turn- 
ing round  an  axis.     This  is  easily  seen  and  understood  in 
some  simple  cases.     Thus,  if  a  beam  of  timber,  floating  on 
water,  be  pushed  or  pulled  in  the  middle,  at  right  angles 
to  its  length,  it  will  move  in  that  direction,  keeping  paral- 
lel to  its  first  position.     But,  if  it  be  pushed  or  pulled  in 
the  same  direction,  applying  the  force  to  a  pmnt  ntuated 
at  the  third  of  its  length,  that  end  is  most  affected  (as  we 
shall  see  fully  demonstrated)  and  advances  festest,  while 
the  remote  end  is  lefl  a  little  behind.     In  this  particular 
case,  the  initiid  motion  of  all  the  parts  of  the  beam  is  the 
same  as  if  the  remote  end  were  held  fast  for  an  instant.    If 
the  impulse  has  been  nearer  to  one  end  than  ^  of  the 
length,  the  jemote  end  will,  in  the  first  instani^  even  move 
a  little  backward.     We  shall  be  able  to  state  precisely  the 
relation  that  will  be  observed  between  the  progressive  mo- 
tion and  the  rotation,  and  to  say  how  far  the  centre  of  the 
body  will  proceed  while  it  makes  one  turn  round  the  axis. 
We  shall  demonstrate  that  this  axis,  round  which  the  body 
turns,  always  passes  through  its  centre  of  gravity  in  a  cer- 
tain determined  direction. 

It  very  rarely  happens  that  the  direction  of  the  impel- 
ling force  passes  exactly  through  the  centre  of  a  body ;  and 
accordingly  we  very  rarely  observe  a  body  moving  forwarc 
in  free  space  without  rotation.     A  stone  thrown  from  th 
hand  never  does.     A  bomb-shell,  or  a  cannon-bullet,  hr 
commonly  a  very  rapid  motion  of  rotation,  which  great 
deranges  its  intended  direction. 

The  speculative  philosophers,  who  wish  to  explain 
the  celestial  motions  mechanically,  think  that  they  expl 
the  rotation  of  the  planets,  and  all  the  phenomena  depe 
ing  on  it,  by  saying,  that  one  and  the  same  force  prodv 
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the  revolution  round  the  Sun,  and  the  rotation  round  the 
axis ;  and  produced  those  motions,  because  the  direction  of 
the  prhnitive  impulse  did  not  pass  precisely  through  the 
centre  of  the  planet.  They  even  shew,  by  calculation,  the 
distance  between  the  centre  and  the  line  of  direction  of  the 
impelling  force.  Thus,  they  shew,  that  the  point  of  im- 
pulsion on  this  Earth  b  distant  from  its  centre  ^{7  of  its 
diamet^. 

Having  thus  accounted,  as  they  imagine,  for  the  Earth^s 
rotation,  they  say  that  this  rotaUon  causes  the  Earth  to 
swell  out  all  around  the  equator,  and  they  assign  the  pre- 
ctse  eccentricity  that  the  spheroid  must  acquire.  They  then 
shew,  that  the  action  of  the  Sun  and  Moon  on  this  equa- 
torial protuberance  deranges  the  rotation,  so  that  the  axis 
does  not  remidn  parallel  to  itself,  and  produces  the  pheno- 
menon called  the  precession  of  the  equinoxes.  And  thus 
all  is  explained  mechanically.  And  on  this  explanation  a 
oonjectufe  is  founded,  which  leads  to  very  magnificent  con- 
ceptions of  the  visible  universe.  The  Sun  turns  round  an 
axis.  Analogy  should  lead  us  to  ascribe  this  to  the  same 
cause— -to  the  action  of  a  force  whose  direction  does  not 
pass  through  his  centre.  If  so,  the  Sun  has  also  a  progres- 
uve  motion  through  the  boundless  space,  carrying  all  the 
planets  and  comets  along  with  him,  just  as  we  observe  Ju- 
piter and  Saturn  carrying  their  satellites  round  their  annual 
orbits. 

This  is,  for  the  most  part,  perfectly  just  A  planet 
tarns  round  its  axis  and  advances ;  and,  therefore,  the  force 
whidi  results  from  the  actual  composition  Gf  all  the  forces 
which  co-operated  in  producing  both  motions,  does  not  pass 
through  Uie  centre  of  'the  planet,  but  precisely  at  the  dis- 
tance assigned  by  these  gentlemen.  But  there  is  nothing 
of  explanation  in  all  this.  From  the  manner  in  which  the 
remark  and  its  application  are  made,  we  are  misled  in  our 
conception  of  the  fact,  and  the  imagination  immediately 
suggests  a  single  forcCy  such  as  we  are  accustomed  to  apply 
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in  our  operations,  acting  in  one  precise  line,  and,  there- 
fore, on  one  point  of  the  body.  It  is  this  simplification  of 
conception  alone  which  ^ves  the  remark  the  appearance 
of  explanation.  A  mathematician  may  thus  ^ve  an  expla- 
nation of  a  first-rate  ship  of  war  turning  to  windward,  by 
shewing  how  a  rope  may  be  attached  to  the  ship,  and  how 
this  rope  may  be  pulled,  so  as  to  make  her  describe  the 
very  line  she  moves  in.  But  the  seaman  knows  that  this 
is  no  explanation,  and  that  he  produced  this  motion  of  the 
ship  by  various  manoeuvres  of  the  sails  and  rudder.  The 
only  explanation  that  could  be  given,  corresponding  to  the 
natural  suggestion  by  this  remark,  would  be  the  shewing 
some  general  fact  in  the  system,  in  which  this  single 
force  may  be  found  that  must  thus  impel  the  planets  ec- 
centrically, and  thus  urge  them  into  revolution  and  rota- 
tion at  once,  as  they  would  be  urged  by  a  stroke  from  some 
other  planet  or  comet.  With  respect  to  this  Earth,  there 
is  not  the  least  appearance  of  the  effect  which  must  have 
been  produced  on  it,  had  it  been  urged  into  motion  by  a 
single  force  applied  to  one  point  The  force  has  been  ap>- 
plied  alike  to  every  particle ;  there  is  no  appearance  of  any 
such  general  force  competent  to  the  production  of  such 
motions.  Nay,  did  we  clearly  perceive  the  existence  of  such 
a  force,  we  should  be  as  far  from  an  explanation  as  ever. 
It  is  not  enough  that  Jupiter  receives  an  impulse  which 
impresses  both  the  progressive  and  rotative  motion.  His 
four  satellites  must  receive,  each  separately,  an  impulse  of 
a  certain  precise  intensity,  and  in  a  certain  precise  direction, 
very  different  in  each,  and  which  cannot  be  deduced  from 
any  thing  that  we  know  of  matter  and  motion.  No  prin- 
ciple of  general  influence  lias  been  contrived  by  the  zealous 
patrons  of  this  system  (for  it  is  a  system)  that  gives  the 
smallest  satisfaction  even  to  themselves,  and  they  arc 
obliged  to  rest  satisfied  with  expressing  their  hopes  that  it 
ipay  yet  be  accomplished. 

])i9t  suppose  that  an  expert  mechanician  should  shew 
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liow  the  planets,  satellites,  and  comets,  may  be  so  placed 
that  an  impulse  may  at  onoe  be  given  to  them  all,  precisely 
competent  to  the  production  of  the  very  motions  that  we 
observe,  which  motions  will  now  be  maintained  for  ever  by 
the  universal  operation  of  gravity,  we  should  certainly 
admire  his  sagacity  and  his  knowledge  of  nature.  But  we 
still  wondar  as  much  as  ever  at  the  nice  adjustment  of  all 
this  to  ends  which  have  evidently  all  the  excellence  that 
order  and  symmetry  can  give,  while  many  of  them  are  in- 
dispensably subservient  to  purposes  which  we  cannot  help 
thinking  good.  The  suggestion  of  purpose  and  final  causes 
is  as  strong  as  ever.  It  is  no  more  eluded  than  it  would 
be,  should  any  man  perfectly  explain  the  making  of  a 
watch  wheel,  by  shewing  that  it  was  the  necessary  result 
of  the  shape  and  hardness  of  the  files  and  drills  and  chisels 
employed,  and  the  intensity  and  direction  of  the  forces  by 
which  those  tools  were  moved ;  and  having  done  all  this, 
should  say  that  he  had  accounted  for  the  nice  and  suitable 
form  of  the  wheel  as  part  of  a  watch.  And,  with  respect 
to  the  subsequent  oblate  form  of  the  planet  set  in  rotation, 
the  mechanical  explanation  of  this  is  incompatible  with  the 
supposition  that  the  revolution  and  rotation  are  the  effects 
of  one  simple  force.  The  oblate  form,  if  acquired  by  ro- 
tation, requires  primitive  fluidity,  which  is  incompatible 
with  the  operation  ef  one  simple  force  as  the  primitive 
mover.  There  is  no  proof  whatever  that  tliis  Earth  was 
originally  fluid ;  it  is  not  nearly  so  oblate  as  primitive 
fluidity  requires;  yet  its  form  is  so  nicely  adjusted  to  its 
rotation,  that  the  thin  film  of  water  on  it  is  distributed 
with  perfect  uniformity.  We  are  obliged  to  grant  that  a 
form  has  been  originally  given  it  suitable  to  its  destina* 
tion,  and  we  enjoy  the  advantages  of  this  exquisite  adjust* 
mcnt 

I  acknowledge  that  the  influence  of  final  causes  has  been 
frequently  and  egregiously  misapplied,  and  that  these 
ignorant  and  precipitate  attempts  to  explain  phenomena,  or 
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to  account  for  them,  and  even  sometimes  to  authenticate 
them,  have  certainly  obstructed  the  progress  of  true  sdenoe. 
But  what  gift  of  God  has  not  been  thus  abused  ?  A  true 
philosopher  will  never  be  so  regardless  of  logic  as  to  ad- 
duce final  causes  as  arguments  for  the  reality  of  any  (act ; 
but  neither  will  he  have  such  a  horror  at  the  appearances  of 
wisdom,  as  to  shun  looking  at  them.  And  we  apprehend, 
that  unless  some 

*  Frigidus  obstetirit  circum  prcscordia  sanguM, 
it  is  not  in  any  man^s  power  to  hinder  himself  from  per- 
ceiving and  wondering  at  them.     Surely 

*  To  look  thro"  nature  up  to  Nature's  God,'' 
cannot  be  an  unpleasant  task  to  a  heart  endowed  with  an 
ordinary  share  of  sensibility ;  and  the  face  of  nature,  ex- 
pressing the  Supreme  Mind  which  gives  animation  to  its 
features,  is  an  object  more  pleasing  than  the  mere  work- 
ings of  blind  matter  and  motion. 

But  enough  of  this. — We  shall  close  this  subject  of 
planetary  figures  by  slightly  noticing,  for  the  present,  a 
consequence  of  the  oblate  form  perceptible  in  all  the  pla- 
nets which  turn  round  their  axes ;  in  the  explanation  of 
which  the  penetration  of  Newton^s  intellect  is  eminently 
conspicuous. 

S65.  In  sec.  3399  &nd  several  following  ]mragraphs,  we 
explained  tlie  effects  arising  from  the  incl'mation  of  the 
Moon'^s  orbit  round  the  Earth  to  the  plane  of  the  Earth^s 
orbit  round  the  Sun.  We  saw,  for  example,  that  when 
the  intersection  of  the  two  planes  is  in  the  line  A  B  (Fig. 
35.)  of  quadrature,  the  Moon  is  perpetually  drawn  out  of 
that  plane^  and  her  path  is  continually  bent  down  toward 
the  ecliptic,  during  her  moving  along  the  semicircle  ACB, 
and  she  describes  another  path  A  c  6,  crossing  the  ecliptic 
in  6,  nearer  to  A  than  B  is.  In  the  other  half  of  her 
orbit,  the  same  deviation  is  continued,  and  the  Moon  agun. 
crosses  the  ecliptic  before  she  come  to  A,  crosses  her  last 
ith  near  to  c,  and  the  ecliptic  a  third  time  at  (/,  and  so 
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on  continually.  Hence  arises  the  retrograde  motion  of  the 
nodes  of  the  lunar  orbit.  We  shewed  that  this  obtains,  in 
a  greater  or  less  degree,  in  ev^ry  position  of  the  nodes,  ex- 
cept when  they  are  in  the  line  of  syzigy. 

What  is  true  of  one  Moon  would  be  true  of  any  num- 
ber: It  would  be  true,  were  there  a  complete  ring  of 
moons  surrounding  the  Earth,  not  adhering  to  one  another. 
We  saw  that  the  inclination  of  the  orbit  is  continually 
changing,  being  greatest  when  the  nodes  are  in  the  line  of 
the  syzigies,  and  smallest  when  they  are  in  quadrature. 
Now,  if  we  apply  this  to  a  ring  of  moons,  we  shall  find 
that  it  will  never  be  a  ring  that  is  all  in  one  plane,  except 
when  the  nodes  are  in  the  syzigies,  and  at  all  other  times 
will  be  warped  or  out  of  shape.  Now,  let  the  moons  all 
cohere,  and  the  ring  becomes  stiff;  and  let  this  happen 
when  its  nodes  are  in  syzigy.  It  will  turn  round  without 
disturbance  of  this  sort.  But  this  position  of  the  nodes  of 
the  ring  soon  changes,  by  the  Sun'^s  change  of  relative 
^tuation,  and  now  all  the  derangements  begin  again.  The 
ring  can  no  longer  go  out  of  shape  or  warp,  because  we 
may  suppose  it  inflexible.  But,  as  in  the  course  of  any 
one  revolution  of  the  Moon  round  the  Earth,  the  inclina^ 
tion  of  the  orbit  would  either  be  increased,  on  the  whole, 
or  diminished^  on  the  whole,  and  the  nodes  would,  on  the 
whole,  recede,  this  effect  must  be  observed  in  thfe  ring. 
When  the  nodes  are  so  situated,  that,  in  the  course  of  one 
revolution  of  a  single  Moon,  the  inclination  will  be  more 
increased  in  one  part  than  it  is  diminished  in  another,  the 
opposite  actions  on  the  different  parts  of  a  coherent  and 
inflexible  ring  will  destroy  each  other,  as  far  as  they  are 
equal,  and  the  excess  only  will  be  perceived  on  the  whole 
ring.  Hence,  we  can  infer,  with  great  confidence,  that 
from  the  time  that  the  nodes  of  the  ring  are  in  syzigy  to 
the  time  they  are  in  quadrature,  the  inclination  of  the  ring 
of  moons  will  be  continually  diminishing ;  will  be  least  of 
alt  when  the  Sun  is  in  quadrati^re  with  the  line  of  the 
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nodes ;  and  will  increase  to  a  maximum,  when  the  Sun 
again  gets  into  the  line  of  tlie  nodes,  that  is,  when 
the  nodes  are  in  the  line  of  the  syzigies.  But  the  inertia 
of  the  ring  will  cause  it  to  continue  any  motion  that  is  ac- 
cumulated in  it  till  it  be  destroyed  by  contrary  forces. 
Hence,  the  times  of  the  maximum  and  minimum  of  in- 
clination will  be  considerably  difiercnt  from  what  is  now 
stated.     This  will  be  attended  to  by  and  by. 

For  the  same  reason,  the  nodes  of  the  ring  will  continu- 
ally recede ;  and  tliis  retrograde  motion  will  be  most  re- 
markable when  the  nodes  are  in  quadrature,  or  the  Sun  in 
quadrature  with  the  line  of  tlie  nodes ;  and  will  gradually 
become  less  remarkable,  as  the  nodes  approach  the  line  of 
the  syzigies,  where  the  retrograde  motion  will  the  least 
possible,  or  rather  ceases  altogether. 

All  these  things  may  be  distinctly  perceived,  by  steadily 
considering  the  manner  of  acting  of  the  disturb'mg  force. 
This  steady  contemplation,  however,  is  necessary,  as  some 
of  the  effects  are  very  unexpected. 

Suppose  now  that  this  ring  contracts  in  its  dimenaons. 
The  disturbing  force,  and  all  its  effects,  must  diminish  in 
tlie  same  proportion  as  the  diameter  of  the  ring  diminishes. 
But  they  will  continue  the  same  in  kind  as  before.  The 
inclination  will  increase  till  the  Sun  comes  into  the  line  of 
the  nod^,  and  diminish  till  he  gets  into  quadrature  with 
them.  Suppose  the  ring  to  contract  till  almost  in  contaa 
with  the  Earth^s  surface.  The  recess  of  the  nodes,  instead 
of  being  almost  three  degrees  in  a  month,  will  now  be  only 
three  minutes,  and  the  change  of  inclination  in  three  months 
will  now  T)e  only  about  five  seconds. 

Suppose  the  ring  to  contract  still  more,  and  to  cohere 
with  the  Earth.  This  will  make  a  great  change.  The  ten- 
dency of  the  ring  to  change  its  inclination,  and  to  change  its 
intersection  with  tlie  ecliptic,  still  continues.  But  it  can- 
not now  produce  the  effect,  without  dragging  with  it  the 
whole  mass  of  the  Earth.     But  the  Earth  is  at  perfect 
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liberty  in  empty  space,  and  being  retmned  by  nothings 
yields  td  every  impulse,  and  therefore  yields  to  this  action 
of  the  ring. 

Now,  there  is  such  a  ring  surrounding  the  Earth,  hav- 
ing precisely  this  tendency.  The  Eiirth  may  be  oomddcr- 
ed  as  a  sphere,  on  which  there  is  spread  a  quantity  of  re- 
dundant matter  which  makes  it  spheroidal.  The  gravita- 
tion of  this  redundant  matter  to  the  Sun  sustains  all  those 
disturbing  forces  which  act  on  the  inflexible  ring  of  moons ; 
and  it  will  be  proved,  in  its  proper  place,  that  the  effect  in 
changing  the  position  of  the  globe  is  ^  of  what  it  would  be, 
if  all  this  redundant  matter  were  accumulated  on  the  equa^ 
tor.  It  will  also  appear,  that  the  force  by  which  every 
particle  of  it  is  urged  to  or  from  the  plane  of  the  ecliptic, 
is  as  its  distance  from  that  plane.  Indeed,  this  appears  al- 
ready, because  oil  the  disturbing  forces  acting  on  the  par- 
ticles of  this  ring  are  similar,  both  in  direction  and  propor- 
tion, to  those  which  we  shewed  to  influence  the  Moon  in  the 
mmilar  situations  of  her  monthly  course  round  the  Earth. 
Similar  effects  will  therefore  be  produced. 

Let  us  now  see  what  those  effects  will  be. — The  lunar 
nodes  continually  recede ;  so  will  the  nodes  of  this  equato- 
rial ring,  that  is,  so  will  the  nodes  of  the  equator,  or  its  in- 
tersection with  the  ecliptic.  But  the  intersections  of  the 
equator  with  the  ecliptic  are  what  we  call  the  Equinoctia. 
Points.  The  plane  of  the  Earth's  equator,  being  produced 
to  the  starry  heavens,  intersects  that  seemingly  concave 
sphere  in  a  great  circle,  which  may  be  traced  out  among  the 
stars,  and  marked  on  a  celestial  globe.  Bid  the  Earth^s 
equator  always  keep  the  same  position,  this  circle  of  the 
heavens  would  always  pass  through  the  same  stars,  and  cut 
the  ecliptic  in  the  same  two  opposite  points.  When  the  Sun 
comes  to  onp  of  those  points,  the  Earth  turning  round  under 
him,  every  point  of  its  equator  has  him  in  the  zenith  in 
succession ;  and  all  the  inhabitants  of  the  Earth  see  him 
rise  and  set  due  east  and  west,  and  have  the  day  and  night 
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of  the  same  length.  But  in  the  courae  of  a  year,  the  action 
of  the  Sun  on  the  protuberance  of  our  equator  derangei  it 
from  its  former  position^  in  such  a  manner  that  each  of  its 
intersections  with  the  ecliptic  is  a  little  to  the  westward  of 
its  former  place  in  the  ecliptic,  so  that  the  Sun  comes  to 
the  interaction  about  20'  before  he  reaches  the  intersectkn 
of  the  preceding  year.  This  anticipation  of  the  equal  divi- 
sion of  day  and  night  is  therefore  called  the  pbeckssion  op 

THE  EQUIKOXES. 

The  axis  of  diurnal  revolution  is  perpendicular  to  the 
plane  of  the  equator,  and  must  therefore  change  its  position 
also.  If  the  inclination  of  the  equator  to  the  ecliptic  were 
always  the  same  QiSi  degrees),  the  pole  of  the  diurnal  re- 
volution of  the  heavens  (that  is,  the  point  of  the  heavens  in 
which  the  Earth^s  axis  would  meet  the  concave)  would  keep 
at  the  same  distance  of  23^  degrees  from  the  pole  of  the 
ecliptic,  and  would  therefore  always  be  found  in  the  cir- 
cumference of  a  circle,  of  which  the  pole  of  the  ecliptic  is 
the  centre.  The  meridian  which  passes  through  the  poles 
of  the  ecliptic  and  equator  must  always  be  perpendicular  to 
the  meridian  which  passes  through  the  equinoctial  po'mts, 
and  therefore,  as  these  sliift  to  the  westward,  the  pole  of  the 
equator  must  also  sliift  to  the  westward,  on  the  c'u'cum- 
ference  of  the  circle  above-mentioned. 

But  we  have  seen  that  the  ring  of  redundant  matter  does 
not  preserve  the  same  inclination  to  the  ecliptic.  It  is  most 
inclined  to  it  when  the  Sun  is  in  the  nodes,  and  smallest 
when  he  is  in  quadrature  with  respect  to  them.  Therefore 
the  obliquity  of  the  equator  and  ecliptic  should  be  greatest 
on  the  days  of  the  equinoxes,  and  smallest  when  the  Sun 
is  in  the  solstitial  points.  The  Karth'*s  axis  should  twice  in 
the  year  incline  downward  toward  the  ecliptic,  and  twice  in 
the  intervals,  should  reuse  itself  up  ugain  to  its  greatest  ele- 
vation. 

Something  greatly  resembling  this  series  of  motions  may 

be  observed  in  a  child'^s  humming  top,  when  set  a  spinning 

n  itB  pivot.     An  equatorial  circle  may  be  drawn  on  this 
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top,  and  a  ciicular  hole,  a  little  bigger  than  the  top,  may 
be  cut  in  a  Int  of  stiff  paper.  When  the  top  is  spinning 
very  steadily,  let  the  paper  be  held  so  that  half  of  the  top 
is  aboTe  it,  the  equator  almost  touching  the  sides  of  the 
hole.  When  the  whirling  motion  abates,  the  top  begins  to 
stagger  a  little.  Its  equator  no  longer  coincides  with  the 
rim  of  the  hole  in  the  paper,  but  intersects  it  in  two  oppo- 
site pcHnts.  These  intersections  will  be  observed  to  shift 
round  the  whole  circumference  of  the  hole,  as  the  axis  of 
the  top  veers  round.  The  axis  becomes  continually  more 
oblique,  without  any  periods  of  recovering  its  former  posi- 
tion, and,  in  this  respect  only  the  phenomena  difiPer  from 
those  of  the  precession. 

It  was  affirmed  that  the  obliquity  of  the  equator  is  greats 
est  at  the  equinoxes,  and  smallest  at  the  solstices.  This 
would  be  the  case,  did  the  redundant  ring  instantly  attain 
the  position  which  makes  an  equilibrium  of  action.  But 
this  cannot  be ;  chiefly  for  this  reason,  that  it  must  drag 
along  with  it  the  whole  inscribed  sphere.  During  the  mo- 
tion from  the  equinox  to  the  next  solstice^  the  Earth''s 
equator  has  been  urged  toward  the  ecliptic,  and  it  must  ap- 
proach it  with  an  accelerated  motion.  Suppose,  at  die  in- 
stant of  the  solstice,  all  action  of  the  Sun  to  cease ;  this 
motion  of  the  terrestrial  globe  would  not  cease,  but  would 
go  on  for  ever,  equably.  But  the  Sun's  action  continuing, 
and  now  tending  to  raise  the  equator  again  from  the  eclip- 
tic, it  checks  the  contrary  motion  of  the  globe,  and,  at 
length,  annihilates  it  altogether ;  and  then  the  effect  of  the 
elevating  force  begins  to  appear,  and  the  equator  rises 
again  from  the  ecHptic.  When  the  Sun  is  in  the  equinox, 
the  elevation  of  the  equator  should  be  greatest ;  but  as  it 
arrived  at  this  position  with  an  accelerated  motion,  it  con- 
tinues to  rise  (with  a  retarded  motion)  till  the  continuance 
of  the  Sun''s  depressing  force  puts  an  end  to  this  rising ; 
and  now  the  effect  of  the  depressing  force  begins  to  appear. 
For  these  reasons,  it  happens  that  the  greatest  obliquity  of 
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the  equator  to  the  ecliptic  is  not  on  the  days  of  the  equ- 
noxes,  but  about  six  weeks  after,  viz.  about  the  first  of  Mij 
and  November ;  and  the  smallest  obliquity  is  not  at  mid- 
summer and  midwinter,  but  about  the  beginning  of  Febru- 
ary and  of  August. 

And  thus,  we  find  that  the  same  principle  of  univeml 
gravitation,  which  produces  the  elliptical  motion  of  the 
planets,  the  inequalities  of  their  satellites,  and  detenmnes 
the  shape  of  such  as  turn  round  their  axis,  also  exphios 
this  most  remarkable  motion,  which  had  baffled  all  the  at- 
tempts of  philosophers  to  account  for — a  motion  whWi 
seemed  to  the  ancients  to  affect  the  whole  host  of  heaven; 
and  when  Copernicus  shewed  that  it  was  only  an  appear- 
ance in  the  heavens,  and  proceeded  from  a  real  small  mo- 
tion of  the  Earth^'s  axis,  it  gave  him  more  trouble  to  con- 
ceive this  motion  with  distinctness,  than  all  the  others.  All 
these  things— -oivia  cofupicimus  nubem  pellenti  maihesi. 

366.  Such  b  the  method  which  Sir  Isaac  Newton,  the 
sagacious  discoverer  of  this  mechanism,  has  taken  to  give  us 
a  notion  of  it.  Nothing  can  be  more  clear  and  familiar  in 
general.  He  has  even  subjected  his  explanation  to  the  se- 
vere task  of  calculation.  The  forces  are  known,  both  in 
quantity  and  direction.  Therefore  the  effects  must  be  such 
as  legitimately  flow  from  those  forces.  When  we  consider 
what  a  minute  portion  of  the  globe  is  acted  upon,  and  bow 
much  inert  matter  is  to  be  moved  by  the  force  which  affects 
so  small  a  portion,  we  must  expect  very  feeble  effects.  All 
the  change  that  the  action  of  the  Sun  produces  on  the  in- 
clination of  the  equator  amounts  only  to  the  fraction  of  a 
second,  and  is  therefore  quite  insensible.  The  change  in 
the  position  of  the  equinoxes  is  more  cons})icuous,  because 
it  accumulates,  amounting  to  about  9"  annually,  by  New- 
ton^s  calculation.  We  shall  take  notice  of  this  calculation 
at  another  time,  and  at  present  shall  only  observe  that  this 
motion  of  the  equinox  is  but  a  small  part  of  the  precession 
iwtually  observed.    This  is  about  50i"  annually.    It  would 
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therefore  seem  that  the  theory  and  observation  do  not  agree, 
and  that  the  precesaon  of  the  equinoxes  is  by  no  means  ex- 
phuned  by  it. 

367.  It  must  be  remarked  that  we  have  only  given  an 
account  of  the  effect  resulting  from  the  unequal  gravitation 
of  the  terrestiial  matter  to  the  Sun.    But  it  gravitates  also 
to  the  Moon.    Moreover,  the  inequality  of  this  gravitation 
(on  which  inequality  the  disturbance  depends)  is  vastly 
greater.     The  Moon  Y^eing  almost  400  times  nearer  than 
the  Sun,  the  gravitation  to  a  pound  of  lunar  matter  is  al- 
most 640,000,000  times  greater  than  to  as  much  solar  mat* 
ter.    When  the  calculation  is  made  from  proper  data,  (in 
which  Newton  was  considerably  mistaken)  the  effect  of  the 
lunar  action  must  very  considerably  exceed  that  of  the  Sun. 
He  was  mistaken,  in  respect  to  the  quantity  of  matter  in 
the  Sun  and  in  tlie  Moon.     The  transit  of  Venus,  and  the 
observations  which  have  been  made  on  the  tides,  have 
brought  us  much  nearer  the  truth  in  both  these  respects. 
When  the  calculation  is  made  on  such  assumptions  of  the 
matter  in  the  Sun  and  Moon  as  are  best  supported  by  ob* 
servation,  we  find  that  the  annual  precession  occasioned  by 
the  Sun^s  action  on  the  equatorial  protuberance  is  about 
14"  or  15",  and  that  produced  by  the  Moon  is  about  35". 
The  precession  really  observed  is  about  50'',  and  the  agree- 
ment is  abundantlv  exact.  It  must  be  farther  remarked,  that 
this  agreement  is  no  longer  inferred  from  a  due  proportion- 
ing of  the  whole  observed  precession  between  the  Sun  and 
the  Moon,  as  we  were  formerly  obliged  to  do ;  but  each 
share  is  an  independent  thing,  calculated  without  any  re- 
ference to  the  whole  precession.     It  is  thus  only  that  the 
phenomenon  may  be  affirmed  to  be  truly  explained. 

S(i8.  For  this  demonstration  we  are  indebted  to  Dr  Brad- 
ley. His  discovery  of  what  is  now  called  tlie  nutation  of 
the  Earth^s  axis,  gave  us  a  precise  measure  of  the  lunar 
action  which  removed  every  doubt.  It  therefore  must  be 
considered  here. 
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The  action  of  the  luminaries  on  the  Earth'^s  equator,  bjr 
which  the  position  of  it  is  deranged,  depends  on  the  mag** 
tude  of  the  angle  which  the  equator  makes  with  the  fitt 
joining  the  Earth  with  the  disturbing  body.  The  Sun  ii 
never  more  than  23^  degrees  from  the  equator.  But  wha 
the  Moon'^8  ascending  node  is  in  the  vernal  equinox,  she 
may  deviate  nearly  29  degrees  from  it  And  when  the  node 
is  in  the  autumnal  equinox,  she  cannot  go  more  than  17 
degrees  from  it.  Thus,  the  action  of  the  sun  is,  from  jor 
to  year,  the  same.  But  as,  iu  19  years,  the  Moon^s  Dodo 
take  all  situations,  the  action  of  the  Moon  is  very  variable. 
It  was  one  of  the  effects  of  this  variation  that  Bradley  dis> 
covered.  While  the  Earth's  equator  continued  to  open  far- 
ther and  farther  from  the  line  joining  the  Earth  with  the 
Moon,  the  axis  of  the  Earth  was  gradually  depressed  to- 
wards  the  ecliptic,  and  the  diminution  of  its  incfinatioii  tt 
last  amounted  to  18  seconds.  Dr  Fradley  saw  this  by  its 
increasing  the  declination  of  a  star  properly  situated.  Ail 
ter  nine  years,  when  the  Moon  was  in  such  a  situation  that 
she  never  went  more  than  17*^  from  the  Earth's  equator, 
the  same  star  had  18"  less  declination. 

369.  This  change  in  the  inclination  of  the  Earth^s  equs- 
tor  is  accompanied  with  a  change  in  the  precession  of  the 
equinoxes.  This  must  increase  as  the  equator  is  more  open 
when  viewed  from  the  Moon.  In  the  year  in  which  the 
lunar  ascending  node  is  in  the  vicinity  of  the  vernal  equinox, 
the  precession  is  more  than  58" ;  and  it  is  but  43"  when 
the  node  is  near  the  autumnal  equinox.  These  are  very 
conspicuous  changes,  and  of  easy  observation,  although  long 
unnoticed,  while  blended  with  other  anomalies  equally  un- 
known. 

Few  discoveries  in  astronomy  have  been  of  more  service 
to  the  science  than  this  of  the  nutation,  and  that  of  aberra- 
tion, both  by  Dr  Bradky.  For  till  they  were  known,  there 
was  an  anomaly,  which  might  sometimes  amount  to  58^ 
(the  sum  of  nutation  and  aberration),  and  affected  every 
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motion  and  every  observation.  No  theory  of  any  planet 
oould  be  freed  from  this  uncertainty.  But  now,  we  can 
give  to  every  phenomenon  its  own  proper  moUons,  with  all 
the  accuracy  that  modem  instruments  can  att^dn.  Without 
these  two  discoveries,  we  could  not  have  brought  the  solu- 
tion of  the  great  nautical  problem  of  the  longitude  to  any 
degree  of  perfection,  because  we  could  not  render  either 
the  solar  or  lunar  tables  perfect.  The  changes  in  the  posi- 
tion of  the  Earth's  axis  by  nutation,  and  the  concomitant 
equation  of  the  precession,  by  recurring  in  the  most  regular 
manner,  have  given  us  the  most  exact  measure  of  the 
dianges  in  the  Moon's  action  ;  and  therefore  gave  an  inoon. 
trovertibk  measure  of  her  whole  action,  because  the  pro- 
portion between  the  variation  and  the  whole  action  was  dis- 
tinctly known. 

This  not  only  completes  the  practical  scdution  of  the  pro- 
blem, but  gives  the  most  unquestionable  proof  of  the  sound- 
ness of  the  theory,  shewing  that  the  oblate  form  of  the 
Earth  is  the  cause  of  this  nutation  of  its  axis,  and  establish- 
ing the  universal  and  mutual  attraction  of  all  matter.  It 
shews  with  what  confidence  we  may  proceed,  in  following 
this  law  of  gravitation  into  all  its  consequences,  and  that  we 
may  predict,  without  any  chance  of  mistake,  what  will  be 
the  effect  of  any  combination  of  circumstances  that  can  be 
mentioned.  And  it  surely  shews,  in  the  most  conspicuous 
manner,  the  penetration  and  sagacity  of  Newton,  who  gave 
encouragement  to  a  surmise  so  singular  and  so  unlike  all 
the  usual  questions  of  progressive  motion,  even  in  all  their 
varices.  Yet  this  most  recondite  and  delicate  speculation 
was  one  of  his  early  thoughts,  and  is  one  of  the  twelve 
propositions  which  he  read  to  the  Royal  Society. 

370.  It  must  be  acknowledged,  however,  that  this  manner 
of  exhibiting  the,  theory  of  the  precession  of  the  equinoxes 
is  not  complete,  or  even  accurate  in  the  selection  of  the 
phyucal  circumstances  on  which  the  proof  proceeds.  It 
is  merely  a  popular  way  of  leading  the  mind  to  the  view  of 
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acdons,  which  are  indeed  of  the  same  kind  witli  those  actu- 
ally concurring  in  the  production  of  the  efiect.     But  it  is 
not  a  narration  of  the  real  actions.     Nor  are  the  effects  of 
those  that  are  employed  estimated  according  to  their  real 
manner  of  acting.     The  whole  is  rather  a  shrewd  guess,  in 
which  Newton's  great  penetration  enabled  him  to  catch  at  a 
very  remote  analogy  between  the  libration  of  the  Moon  and 
the  wavering  motion  of  the  Earth's  axis.     We  are  not  in  a 
condition,  in  this  part  of  the  course,  to  treat  this  question 
in  the  proper  manner.     We  must  first  understand  the  pro- 
perties of  the  lever  as  a  mechanical  power,  and  the  opera- 
tion of  the  connecting  forces  of  firm  or  rigid  bodies.    What 
we  have  said  will  suffice  however  for  giving  a  distinct 
enough  conception  of  the  general  effects  of  the  action  of 
remote  bodies  on  a  spheroidal  planet  turning  round  its  axis.* 
It  is  scarcely  necessary  to  add  that  the  other  planets  can- 
not sensibly  influence  the  moUon  of  the  Earth's  axis.    Thar 
accumulated  action  may  add  about  ^  of  a  second  to  the  an- 
nual precession  of  the  equinoxes. 

The  planets  Mars,  Jupiter,  and  Satium,  being  vastly 
more  oblate  than  the  Earth,  must  be  more  exposed  to  this 
derangement  of  the  rotative  modon.  Jupiter  and  Saturn, 
having  so  many  satellites,  which  take  various  positions 
round  the  planet,  the  problem  becomes  immensely  compli- 
cated.    But  the  small  inclination  of  the  equator,  and  the 


•  To  those  who  wish  to  study  tliis  very  curious  and  difficult  pro- 
blem, I  should  recommend  the  solution  given  by  Frisius  in  the  second 
part  of  his  Cosmographia,  as  the  most  perspicuous  of  any  that  I  am 
acquainted  with.  The  elaborate  performance  of  Mr  Walraesley,  Eulcr, 
D'Alembert,  and  La  Grange,  ore  accessible  only  to  expert  analysts. 
The  essay  by  T.  Simpson,  in  the  Philosophical  Transactions,  vol.  60, 
p.  416,  is  remarkable  for  its  simplicity,  but,  by  employing  the  symbo* 
lical  or  algebraic  analysis,  the  student  is  not  so  much  aided  by  the 
constant  accompaniment  of  physical  ideas,  as  in  the  geometrical  me* 
thod  of  Frisius. 
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• 

^reat  mam  of  the  pUmety  and  its  very  rapid  rotation,  muBt 
pneatly  diminish  the  effect  we  are  now  considering.  Mars, 
being  small,  turning  slowly,  and  yet  being  very  oblate,  must 
sustain  a  greater  degree  of  this  derangement ;  and  if  Mars 
had  a  satellite,  we  might  expect  such  a  change  in  the  posi- 
tion of  his  axis  as  should  become  very  sensible,  even  at  this 
distance^ 

The  ring  of  Saturn  must  be  subject  to  similar  disturb- 
ances, and  must  have  a  retrogradation  of  its  intersection 
with  the  plane  of  the  orbit  Had  we  nothing  to  con^der 
but  the  ring  itself,  it  would  be  a  very  easy  problem  to  de- 
termine the  motion  of  its  nodes.  But  the  proximity,  and 
the  oblate  form,  of  the  planet,  and,  above  all,  the  compli- 
cated action  of  the  satellites,  make  it  next  to  unmanageable. 
It  has  not  been  attempted,  that  1  know  of.  It  may  (I 
think)  be  deduced,  from  the  Greenwich  observations  since 
1750,  that  the  nodes  retreat  on  the  orbit  of  Saturn  about 
84'  or  36'  in  a  century,  and  that  then-  longitude  in  1801 
was  5-  17^  18'  and  11'  IT**  13'.  This  may  be  received  as 
more  exact  than  the  determination  given  in  art  142. 

I  said,  in  art.  182,  that  we  have  seen  too  little  of  the  mo- 
tions of  Ceres  and  Pallas  to  announce  the  elements  of 
their  theories  with  any  thing  like  precision.  But,  that  they 
may  not  be  altogether  omitted,  the  following  may  be  receiv- 
ed as  of  most  authority  :  ^ 

Ceres.  PalUs.  Jtmo.  Vests. 

Mean  distance,  8767S31    2767123  8.660  2.3632 

Eocentri.  to  in.  d.  1.     0.07S5       0.2447  0.254  0.1838 

Lon.  perih.  in  1818,  4.227.18     4.1.8—     1*23'*S2'56"    8*10°19'86" 
FUrtod  (dder.),  days,  1682.25   1703^6^  1580  1161 

Me«ttlon.Jail.  1818,10*26^51'    9*29^53'        3*  27°  45'*    6*24" 46' 45" 
Indin.  arbit,  lO^Stt'      24"  37'  13' 3' 37"  7°7'5i" 

Lon.  node  in  1S18,  2*  20°  45'      5.22.27      5*  21°  6'  50"    3''  13°  10'41" 

These  bodies  present  some  very  singular  circumstances 

to  our  study ;  their  distances  and  periods  being  almost  the 

.  __  _  — —^^-^.^—~—^^^^^-^^~^^—~~ 

•  In  1819. 
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Let  us  not  pretend  even  to  guess  at  the  specific  laws  bf 
which  the  conduct  of  the  Divinity  must  be  directed^  eioept 
in  so  far  as  it  has  pleased  him  to  declare  them  to  us.  We 
shall  pursue  the  only  safe  road  in  this  speculatjnm,  if  we  en- 
deavour to  discover  the  laws  by  which  his  visible  and  eom- 
prehensible  works  are  actually  conducted.  The  more  we 
discover  of  these,  the  more  do  we  find  to  fill  us  with  admi- 
ration and  astonishment  The  only  speculations  in  wUch 
we  can  indulge,  without  the  continual  danger  of  going 
astray,  are  those  which  enlarge  our  notions  of  the  scene  on 
which  it  has  pleased  the  Almighty  to  display  his  perfbe- 
tions.  This  will  be  the  undoubted  effect  of  enlarging  the 
field  of  our  own  observation.  After  examining  this  lower 
world,  and  observing  the  nice  and  infinitely  various  adjutt- 
ments  of  means  to  ends  here  below,  we  may  extend  our  ob- 
servation beyond  this  globe.  Then  shall  we  find  that,  as 
far  as  our  knowledge  can  carry  us,  there  is  the  same  art, 
and  the  same  production  of  good  effects  by  beautifully  con- 
trived means.  We  have  lately  discovered  a  new  planet,  far 
removed  beyond  the  formerly  imagined  bounds  of  the  pla- 
netary world.  This  discovery  shews  us,  that  if  there  arc 
thousands  more,  they  may  be  for  ever  hid  from  our  eyes  by 
their  immense  distance.  Yet  there  we  find  the  same  core 
taken  that  their  condition  shall  be  permanent.  They  are 
influenced  by  a  force  directed  to  the  Sun,  and  inversely  as 
the  square  of  the  distance  from  him ;  and  tliey  describe  el- 
lipses. This  planet  is  also  accompanied  by  satellites,  doubt- 
less rendering  to  the  primary  and  its  inhabitants  services 
similar  to  what  this  Earth  receives  from  the  Moon.  All 
the  comets  of  whose  motions  we  have  any  precise  know^ 
ledge,  are  equally  secured ;  none  seems  to  describe  a  para- 
bola or  hyperbola,  so  as  to  quit  the  Sun  for  ever. 

This  mark  of  an  intention  that  this  noble  fabric  shall  con- 
tinue for  ever  to  declare  itself  the  work  of  an  Almiglity  and 
Kind  Hand,  naturally  carries  forward  the  mind  into  that 
unbounded  space,  of  which  our  solar  system  occupies  so  in* 
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conniknble  a  portioii.    The  mind  revolts  at  the  thought 
that  thk  u  studded  with  atan  for  no  other  purpoee  thao  to 
aoHst  dbe  astronomer  in  his  oooofmtatioiis,  and  to  furnish  a 
gay  spectade  to  the  unthinking  multitude.     We  see  no- 
thing here  below,  or  in  our  systcmp  which  answers  but  one 
solitary  puipdse ;  and  we  require  that  a  positiye  reason  shall 
be  given  fixr  limiting  the  Host  of  Heaven  to  so  ignoUe  an 
office.    As  sudi  has  not  been  given,  we  indulge  ourselves 
in  the  plennng  thought  that  the  stars  mtke  a  |Mrt  of  the 
universe,  no  less  important  in  purpose  than  great  in  extent 
Wa  ttre  justifiable,  by  what  we  in  some  measure  understand 
in  suppomng  «ach  star  a  sun,  the  centre  of  a  planetary  sys- 
ton,  full  of  enjoyment  like  our  own,  and  so  constructed  as 
Id  last  for  ever. 

When  the  phikieopher  indulges  himself  in  those  amafr- 
ing^  but  pleasing  thoughts,  he  must  r^ulate  his  speculi^ 
tions  by  analogies  and  resemblances  to  things  more  £um- 
liarly  known  to  him.  We  must  suppose  those  systems  to 
resemble  our  own,  and  that  they  are  kept  together  by  a 
grsvitation  in  the  inverse  duplicate  ratio  of  the  distances. 
For  we  know  that  this  alone  will  insure  permanency  and 
good  order. 

But  in  so  doing,  we  extend  the  influence  of  gravity  to 
distances  inconceivably  greater  than  any  that  we  have  yet 
considered ;  and  we  come  at  last  to  believe  that  gravitation 
is  the  bond  of  connection  which  unites  the  most  distant  bo- 
dies of  the  visible  universe,  rendering  the  whole  one  great 
machine,  for  ever  operating  the  most  magnificent  purposes, 
worthy  of  its  All-perfect  Creator.  And,  when  we  see  that 
sudi  a  connexion  is  necessary  for  this  end,  we  are  apt  to 
imagine  that  gravity  is  euential  to  or  indi^nsable  in  that 
matter  that  is  to  be  moulded  into  a  world. 

But  let  not  our  ignorance  mislead  us,  nor  let  us  measure 
every  thing  by  that  small  scale  which  God  has  enabled  us 
to  use,  unless  we  can  see  some  drcumstances  of  resemblance 
in  the  appearances,  which  may  justify  the  application. 
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*  A  frame  of  material  nature  of  any  kind  cannot  be  c»ni» 
ceived  by  the  mind,  without  suppomng  that  the  matter  of 
which  it  consists  is  influenced  by  some  active  powers,  con- 
stituting the  relations  between  its  difierent  parts.  Were 
there  only  the  mere  inert  materials  of  a  world,  it  would 
hardly  be  better  than  a  chaos,  although  moulded  into  sym- 
metrical forms,  unless  the  spirit  of  its  author  were.to  ani- 
mate those  dead  masses,  so  as  to  bring  forth  change,  and 
;  order,  and  beauty.  Our  illustrious  Newton  therefore  says, 
with  great  propriety,  that  the  business  of  a  true  philosophy 
is  to  investigate  those  active  powers,  by  which  the  course 
of  natural  events,  to  a  very  great  extent  at  least,  is  perpe- 
tually governed.  Philosophising  with  this  view,  he  disco- 
vered the  law  of  universal  gravitation,'  and  has  thus  given 
the  brightest  specimen  of  the  powers  of  human  understand- 
ing. 

The  notion  of  something  like  gravity  seems  inseparable 
from  our  conception  of  any  established  order  of  things;  for 
unless  some  principle  of  general  union  obtun  among  the 
parts  of  matter,  we  can  have  no  conception  of  the  very  first 
formation  of  the  individuals  of  which  a  world  may  be  com- 
posed. 

But  general  gravitation,  or  that  power  by  which  the  dw- 
tant  bodies  belonging  to  any  system  are  connected,  and  act 
on  one  another,  does  not  seem  so  indispensably  necessary 


*  For  many  ot*  the  thouglits  in  what  follows^  the  reader  is  indebt- 
ed to  a  very  ingenious  pamphlet,  published  by  Cadell  and  Davies  in 
1777,  entitled.  Thoughts  on  General  Gravitation,  It  is  much  to  be 
regretted  that  the  author  has  not  availed  himself  of  the  successftil  re* 
aearches  of  astronomers  since  that  time,  and  prosecuted  his  exccU 
lent  hints.  If  it  be  the  performance  of  tlie  person  whom  1  suppose 
to  be  the  author,  I  have  such  an  opinion  of  his  acuteness,  and  of  his 
justness  of  thought,  that  I  take  this  opportunity  of  requesting  him 
to  turn  his  attention  afresh  to  the  subject.  His  advantages,  from  his 
present  situation  and  connexions,  are  precious,  and  should  not  be 
lost. 
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to  the  verjr  beiog  of  the  system,  as  particular  gravity  is  to 
the  being  of  any  individual  in  it  We  cannot  discern  any 
absurdity  in  the  supposition  of  bodies,  such  as  the  planets, 
so  situated  with  respect  to  another  great  body,  such  as  the 
Sun,  as  to  receive  from  it  suitable  degrees  of  light  and 
beat,  without  their  having  any  tendency  to  approach  the 
Sun,  or  each  other.  But  then,  how  far  such  limitation  of 
gravity  may  be  a  possible  thing,  or  how  far  its  indefinite 
extension  in  every  direction  may  be  involved  in  its  very  ni|. 
ture,  we  cannot  tell,  until  we  are  able  to  consider  gravity 
as  an  effect,  and  to  deduce  the  laws  of  its  operation  fiom 
our  knowledge  of  its  cause. 

That  the  influence  of  gravity  extends  into  the  boundless 
void,  to  the  greatest  assignable  distance,  seems  to  be  almost 
the  hinge  of  the  Newtonian  philosophy.  At  least  there  b 
nothing  that  warrants  any  limit  to  its  action.  Father  Bos- 
oovich,  indeed,  shews  that  all  the  phenomena  may  be  what 
they  are,  without  this  as  a  necessary  consequence.  But 
he  is  plainly  induced  to  bring  forward  the  limitation  in  or- 
der to  avoid  what  has  been  thought  a  necessary  consequence 
of  the  indefinite  extension  of  gravity ;  and  what  he  offers 
is  a  mere  possibility. 

Now,  if  such  extension  of  gravitation  be  inseparable,  in 
fact,  from  its  nature,  then,  if  all  the  bodies  of  our  system 
are  at  rest  in  absolute  space,  no  sooner  does  the  influence 
of  general  gravitation  go  abroad  into  the  system,  than  all 
the  planets  and  comets  must  begin  to  approach  the  Sun  ; 
and  in  a  very  small  number  of  days,  the  whole  of  the  solar 
system  must  fall  into  the  Sun,  and  be  destroyed. 

But,  that  this  fair  order  may  be  preserved,  and  accommo- 
dated  to  this  extended  influence  of  gravity,  which  appears 
so  essential  to  the  constitution  of  the  several  parts  of  the 
system,  we  see  a  most  simple  and  effectual  prevention,  by 
the  introduction  o{  projectile  Jbrces  and  progressive  motion^ 
For  upon  these  being  now  combined,  and  properly  adjusted 
with  the  variation  of  gravity,  the  planets  are  made  to  re- 
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voire  round  the  Sun  in  stated  courses,  by  whieh  their  con- 
tinual tipproftch  to  the  Sun  and  to  one  another  is  prevent- 
ed, and  the  adjustment  is  made  with  such  exquisite  pro- 
priety, that  the  perfect  order  of  things  is  ahnost  unchange- 
aMe.  This  adjustment  is  no  less  manifest  in  the  subordi- 
Hate  systems  of  a  primary  planet  and  its  satellites,  which 
are  not  only  regulated  by  their  own  orbital  motions,  but  are 
(he  constant  attendants  of  their  primaries  in  their  revcJu- 
tion  round  the  Sun. 

In  this  view  of  the  subject,  forasmuch  as  gravity  seems 
essential  to  the  constitution  of  all  the  great  bodies  of  the 
system,  and  in  so  far  as  its  indefinite  extension  may  be  in- 
separable from  its  nature,  it  appears  that  periodical  motion 
must  be  necessary  for  the  permanency  and  order  of  every 
system  of  worlds  wliatever. 

But  here  a  thought  is  suggested,  which  obviously  leads 
to  a  new  and  a  very  grand  conception  of  the  universe.  If 
periodical  motion  be  thus  necessary  for  the  preservation  of 
a  small  assembtage  of  bodies,  and  if  Newton's  law  present 
to  us  the  whole  host  of  heaven  as  one  great  assemblage  af- 
fected by  gravitation,  we  must  still  have  recourse  to  perio- 
dical motion,  in  order  to  secure  the  establishment  of  this 
grand  universal  system.  For  if  there  be  no  bounds  to  the 
influence  of  gravitation,  and  if  all  the  stars  be  so  many 
suns,  the  centres  of  as  many  systems  (as  is  most  reasonable 
to  believe)  the  immensity  of  their  distance  cannot  satisfy  us 
lor  their  being  able  to  remain  in  any  settled  order.  Those 
that  are  situated  towards  the  confines  of  this  magnificent 
creation  must  forsake  their  stations,  and,  with  an  approach, 
continually  accelerated,  must  move  onwards  to  the  centre 
of  general  gravitation,  and,  after  a  series  of  ages,  the  whole 
glory  of  nature  must  end  in  a  universal  wreck. 

As  the  system  of  Jupiter  and  his  satellites  is  but  an  epi- 
tome of  the  great  solar  system  to  which  he  belongs,  may 
not  this,  in  its  turn,  be  a  faint  representation  of  that  grand 
system  of  the  universe,  roimd  whose  centre  this  Sun,  with 


(if 
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his  attcaidiiig  planets,  and  an  inconceivable  multitude  of  like 
syttemsy  do  in  reality  revolve  according  to  the  law  of  gra- 
vitation ?  Novr,  will  our  anticipation  of  disorder  and  ruin 
be  changed  into  the  contemplation  of  a  countless  number 
of  lucely-adjusted  motions,  all  proclaiming  the  sustaining 
hand  of  God. 

This  is  indeed  a  grand,  and  almost  overpowering  thought; 
yet  justified  both  by  reason  and  analogy.  The  grandeur, 
however,  of  this  universal  system  only  opens  upon  us  by 
degrees.  If  it  resemble  our  solar  system  in  construction, 
what  an  inoonoeivable  display  of  creation  is  suggested,  when 
we  turn  our  thoughts  towards  tliat  place  which  the  motions 
of  so  many  revolving  systems  are  made  to  respect !  Here 
may  be  an  unthought-of  universe  of  itself,  an  example  of 
material  creation,  which  must  individually  exceed  all  the 
other  parts,  though  added  into  one  amount  As  our  Sun 
is  almost  four  thousand  times  bigger  than  all  his  attendants 
put  together,  it  is  not  unreasonable  to  suppose  the  same 
thing  here.  It  is  not  necessary  that  this  central  body  should 
be  vinble.  The  great  use  of  it  is  not  to  illuminate,  but  to 
govern  the  motions  of  all  the  rest.  We  know,  however, 
that  the  existence  of  such  a  central  body  is  not  necessary. 
Two  bodies,  although  not  very  unequal,  may  be  projected 
with  such  velocities,  and  in  such  directions,  that  they  will 
revolve  for  ever  round  their  common  centre  of  position  and 
gravitation.  But  such  a  system  could  hardly  maintain  any 
regularity  of  motion  when  a  third  body  is  added.  It  may 
indeed  be  said,  that  the  same  transcendent  wisdom,  which 
has  so  exquisitely  adapted  all  the  circumstances  of  our  sys- 
tem, may  so  adjust  the  motions -of  an  immense  number  of 
bodies,  that  their  disturbing  actions  shall  accurately  com- 
pensate each  other.  But  still  the  beautiful  simplicity  that 
is  manifest  in  what  we  see  and  understand,  seems  to  war- 
rut  a  like  simplicity  in  this  great  system,  and  therefore 
renders  the  existence  of  such  a  great  central  Regulator  of 
the  movements  of  all  the  most  probable  supposition. 
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Sober  1  coson  will  not  be  disposed  to  revolt  at  so  glonuus 
an  extension  of  the  works  of  God,  however  much  it  may 
overpower  our  feeble  conceptions.  Nay,  this  anakigj  ac- 
quires additional  weiglit  and  authority  even  from  the  tian- 
scendent  nature  of  the  universe  to  which  it  directs  our 
thoughts.  Nothing  less  magnificent  seems  suitable  to  a 
Being  of  infinite  perfections. 

Uut  we  are  not  left  to  mere  conjecture  in  support  of  this 
conception  of  a  great  universe,  connected  by  mutuil 
powers.  There  are  circumstances  of  analogy  which  tend 
greatly  to  persuade  us  of  the  reality  of  our  conjecture- 
circumstances  which  seem  to  indicate  a  connexion  among 
the  most  distant  objects  of  the  creation  visible  from  our 
habitation.  The  light  by  which  the  fixed  stars  are  seen 
is  the  same  with  that  by  which  we  l)ehold  our  Sun  and  his 
attending  planets.  It  moves  with  the  same  velocity,  as  we 
discover  by  comparing  the  aberration  of  the  fixed  stars 
with  the  ecli|)ses  of  JupiteFs  satellites.  It  is  refracted  and 
reflected  according  to  the  same  laws.  It  consists  of  the 
same  colours.  No  opinion  can  be  fomietl,  therefore,  of 
the  solar  light,  which  must  not  also  be  adopted  with  re- 
spect to  the  light  of  the  fixed  stars.  The  medium  of  vi- 
sion must  be  acted  on  in  the  same  manner  by  both, 
whether  we  suppose  it  the  undulation  of  an  ether,  or  Uic 
emission  of  matter  from  the  luminous  bodv.  In  either 
case,  a  mechanical  connexion  obtains  between  those  bodies, 
however  distant,  and  our  svsleni.  Such  a  connexion  in 
mechanical  properties  induces  us  to  supjx)se,  that  gravita- 
tion, which  we  know  reaches  to  a  distance  which  exceeds 
all  our  distinct  conceptions,  extendi  also  to  the  fixed  stars. 

If  this  be  really  the  case,  motion  must  ensue,  even  in 
producing  the  final  ruin  of  the  viable  universe ;  and  peri- 
odic motion  is  indispensably  necessary  for  its  permanency. 

If  all  the  fixed  stars,  and  our  Sun,  were  equal,  and 
placed  at  equal  distances,  in  the  angles  of  regular  solids, 
their  mutual  ruinous  approach  could  hardly  be  perceived. 
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For,  in  every  moment,  tbey  would  still  have  the  same  re- 
lative positions,  and  an  increase  of  brightness  is  all  that 
could  ensue  after  many  ages.  But  if  they  were  irregular- 
ly placed,  and  unequal,  their  relative  poations  would 
change,  with  an  accelerated  motion,  and  this  change  might 
become  sensible  after  a  long  course  of  ages.  If  they  have 
periodical  motions,  suited  to  the  permanency  of  the  grand 
system  of  the  universe,  the  changes  of  place  may  be  much 
more  sensible ;  and  if  we  suppose  that  their  diiflPerence  in 
brilliancy  is  owing  to  the  differences  in  thc'ur  distance  from 
us,  we  may  expect  that  these  changes  will  be  most  sensi- 
ble in  the  brightest  stars. 

Facts  are  not  wanting  to  prove  that  such  changes  really 
obt^n  m  the  relative  positions  of  the  fixed  stars.  This 
was  first  observed  by  that  great  astronomer,  mathemati- 
cian, and  philosopher,  Dr  Halley.  He  found,  after  com* 
paring  the  observations  of  Aristillus,  Timochares,  and 
Ptolemy,  with  those  of  our  days,  that  several  of  the 
brighter  stars  had  changed  their  situation  remarkably  (See 
Pliil.  Trans.  No  355.)  Aldebaran  has  moved  to  the  south 
about  35'.  Syrius  has  moved  south  about  42',  and  Arc- 
turus,  also  to  the  south,  about  33'.  The  eastern  shoulder 
of  Orion  has  moved  uortliward  about  61'.  Observations 
in  modem  times  shew,  that  Arcturus  has  moved  in  78 
years  about  3'  3".  This  is  a  very  sensible  quantity,  and 
is  easily  obser\'ed,  by  means  of  tlic  small  star  b  in  its  im- 
mediate neighbourhood.  (Sec  Phil.  Trans.  LXIII.  also 
1748;  and  Mem.  Par.  1.755.)  Syrius,  in  like  manner, 
increases  its  latitude  about  2'  in  a  century.  (Mem.  Par. 
1758.)  Aldebaran  moves  very  irregularly.  The  bright 
star  in  Aqiiila  has  changed  its  latitude  3G'  since  the  time 
of  Ptolemy,  and  3'  since  the  time  of  Tycho.  This  is  easi- 
ly seen  by  its  continual  separation  from  the  small  star  J. 

These  motions  seem  to  indicate  a  motion  in  our  system. 
Most  of  the  stars  have  moved  toward  the  south.  The 
stars  in  the  northern  (jiiartcrs  seem  to  widen  their  relative 
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positioiiB,  while  those  in  the  south  seem  to  ooDtract  tUr 
distances.  Dr  Herschel  thinks,  that  a  oomparison  of  A 
these  changes  indicates  a  motion  of  our  Sun  with  hb  sIp 
tending  planets  toward  the  constellation  Herculen  (PhiL 
Trans.  1768.)  A  learned  and  ingenious  friend  thinks  it 
not  impossible  to  discover  this  motion  by  naeans  of  the 
aberration  of  the  stars. .  Suppose  the  Sun  and  planets  Id 
be  moving  toward  the  Pole-star,  and  tliat  his  motioo  » 100 
times  greater  than  that  of  the  Earth  in  her  orbit  (a  voj 
moderate  supposition,  when  we  compare  the  orbital  motioi 
of  the  Earth  with  that  of  the  Moon),  every  equatorial  stir 
will  appear  about  34'  north  of  its  true  place,  when  viewed 
through  a  common  telescope,  but  only  23'  when  vieved 
through  a  telescope  filled  with  water.  The  declination  of 
every  such  star  will  be  11'  less  through  a  water  telesoope 
than  through  a  common  telescope.  Stars  out  of  the  eqw^ 
tor  will  have  their  declination  diminished  by  a  water  tele- 
scope 11'  X  COS.  declination. 

In  1761,  the  ingenious  Mr  Lambert  published  his  Let- 
ters on  Cosmology  (in  the  German  language),  in  which 
he  has  considered  this  subject  with  much  attention  and  in- 
genuity. He  treats  of  the  motion  of  the  Sun  round  a  cen- 
tral body— of  systems  of  systems,  or  milky-ways,  carried 
round  an  immense  body—- of  systems  of  such  galaxies— 
and  of  the  great  central  body  of  the  universe.  In  these 
speculations  he  infers  much  from  final  causes,  and  is  often 
ingeniously  romantic.  But  Lambert  was  also  a  true  in- 
ductive philosopher,  and  makes  no  assertion  with  confi- 
dence that  is  not  supported  by  good  analogies.  The  ro- 
tation of  the  Sun  is  a  strong  ground  of  belief  to  Mr  Lam- 
bert that  he  has  also  a  progressive  motion. 

Tobias  Mayer  of  Gottingcn  speaks  in  the  same  manner, 
in  some  of  his  dissertations  published  after  his  death  by 
Lichtenberg.  See  also  BaiUys  Account  of  Modem  Astro- 
nomy^ vol.  II.  664,  6S9.  Mayer  of  Manheim  has  also 
published  thoughts  to  this  effect.     See  Comment  Acad, 
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PaJaiin.  ly.    Prevoct,  ifm.  Ar/tfi  1781.    Milchel,  PAtf. 
Trims.  LVII.  «6«. 

The  gravitation  to  the  fixed  stars  can  produce  no  lensi^ 
Ue  disturbances  of  the  motions  of  our  system.  This  gra- 
vitation must  be  ioeoneeivably  minute,  by  reason  of  the 
immense  distanee ;  and,  as  they  are  in  all  quarters  of  the 
heavens,  they  wiO  nearly  compensate  each  other^s  actaoo ; 
and  the  extent  of  our  system  being  but  as  a  point  in  com- 
parison with  the  distance  of  the  nearest  star,  the  gravita- 
tion to  that  star  in  all  the  parts  of  our  system  must  be  so 
nearly  equal  and  parallel,  that  no  sendble  deraiigenier.t 
can  be  effected,  even  after  ages  of  ages. 

As  a  further  circumstance  of  analogy  with  a  periodical 
motion  in  the  whole  visible  universe,  we  may  adduce  the 
remarkable  periodical  changes  of  brilliancy  that  are  ob- 
served in  many  of  the  fixed  stars^ 

This  was  first  observed  (I  think)  in  a  star  of  the  con- 
stellation Hydra.  Montanari  had  observed  it  in  1670^ 
and  left  some  account  of  it  in  his  papers,  which  Maraldi 
took  notice  of.  Maraldi,  after  long  seardiing  in  vain, 
found  it  in  1704,  and  saw  several  alternations  of  its  bright- 
ness and  dimness,  but  without  being  able  to  ascertain  their 
period.  It  was  long  lost  again,  till  Mr  Edward  Pigut 
found  it  in  1786.  He  determ'med  its  period  to  be  404 
days.  Knee  that  time,  this  gentleman,  and  his  father, 
with  a  Mr  Goodricke,  have  given  more  attention  to  this 
department  of  astronomy,  and  their  example  has  been  fol- 
lowed  by  other  astronomers.  Mr  Pigot  has  given  us,  in 
PfiU,  Trans.  1786,  a  list  of  a  great  number  of  stars  (above 
fifty)  in  which  such  periodical  changes  have  been  observed, 
and  has  given  particular  determinations  of  twelve  or  thir- 
teen, ascertaining  their  periods  with  precision^  The  whole 
is  followed  by  some  very  curious  reflections. 

Of  these  stars,  one  of  the  most  remarkable  is  x  Cygni, 
having  a  period  of  415J  days.  See  Phil.  Trans,  No  843; 
also  Mem.  Acad  Paris,  1719,  1759. 
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Another  remarkable  star  is  ,  Ceti,  having  a  period  of 
334  days.  (See  Phil  Trans.  No  134,  346 ;  Mem.  Par. 
1719.) 

There  is  another  such,  close  to  y  Cygni. 

The  double  star  C  Lyras  exhibits  very  singular  appear- 
ances, the  southernmost  sometimes  appearing  double,  and 
sometimes  accompanied  by  more  little  stars.  Grischoff  of 
Berlin  is  positive  that  it  has  planets  moving  round  it. 

Some  of  those  stars  have  very  short  periods.  The  most 
remarkable  is  Algol,  in  the  head  of  Medusa.  Its  period 
is  2**  20**  49',  in  which  its  changes  are  very  irregular,  al- 
though perfectly  alike  in  every  period.  Its  ordinary  ap- 
pearance is  that  of  a  star  of  the  second  magnitude.  It 
suffers,  for  about  3^  hours,  a  reduction  to  tlie  appearance 
of  a  st^r  of  the  fourth  or  fifth  magnitude. 

Mr  Groodrickc  observed  similar  variations  in  the  star 
i  Cephei.  During  5^  8^  37'  it  is  a  star  of  the  fifth  magni- 
tude. For  1**  13^  it  is  of  the  second  or  third.  It  dimi- 
nishes during  1**  18^ ;  remains  36  hours  in  its  fedntest  state, 
and  regains  its  brilliancy  in  13  hours  more.  {Phil.  Trans. 
1786.) 

Mr  Pigot  observed  the  star  »»  Antinoi  to  maintain  its 
utmost  brilliancy  during  44  hours,  and  then  gradually  to 
fade  during  62  hours,  and,  after  remaining  SO  hours  of 
the  fifth  magnitude,  it  regains  its  greatest  brilliancy  in  36 
hours.     (PhiL  Tram.  1786.) 

Whatever  may  be  the  cause  of  these  alternations,  they 
are  surely  very  analogous  to  what  we  observe  in  our  sys- 
tem, the  individuals  of  which,  by  varying  their  positions, 
and  turning  their  different  sides  toward  us,  exhibit  alter- 
nations of  a  similar  kind  ;  as,  for  example,  the  apparition 
and  disparition  of  Satum'^s  ring.  These  circumstances, 
therefore,  encourage  us  to  suppose  a  similarity  of  constitu- 
tion in  our  system  to  the  rest  of  the  heavenly  host,  and 
render  it  more  probable  that  all  are  connected  by  one  ge- 
neral bond,  and  are  regulated  by  similar  laws.     Nothing  is 
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60  likely  tor  consUtuting  this  connexion  as  gravitation,  and 
its  combination  with  projectile  ibrce  and  periodic  motion 
tends  to  secure  the  permanency  of  the  whole. 

But  I  must  at  the  same  time  observe,  that  such  appear- 
ances in  the  heavens  make  it  evident,  that,  notwithstand^ 
ing  the  wise  pixmnon  made  for  maintaining  that  order 
and  utility  which  we  behold  in  our  system,  the  day  may 
come  **  when  the  heavens  shall  pass  away  like  a  scroll  that 
*<  is  folded  up,  when  the  stars  in  heaven  shioll  ful,  and  the 
^  Sun  shall  cease  to  give  his  hght."^  The  sustaining  hand 
of  Grod  is  still  necessary,  and  the  present  order  and  har^ 
mony  which  he  has  enabled  us  to  understand  and  to  ad- 
mire, is  wholly  dependent  on  his  will,  and  its  duration  is 
one  of  the  unsearchable  measures  of  his  providence.  What 
is  become  of  that  dazzling  star,  surpassing  Venus  in  bright- 
ness, which  shone  out  all  at  once  in  November  1672,  and 
determined  Tycho  Brahc  to  become  an  astronomer  ?  He  did 
not  see  it  at  half  an  hour  past  five,  as  he  was  crossing  some 
fields  in  gcnng  to  his  laboratory.  But,  returning  about 
ten,  he  came  to  a  crowd  of  country  folks  who  were  staring 
at  something  behind  him.  Looking  round,  he  saw  this 
wonderiiil  object  It  was  so  bright  that  his  staff  had  a 
shadow.  It  was  of  a  dazzling  white,  with  a  little  of  a  blu« 
ish  tinge.  In  tliis  state  it  continued  about  three  weeks, 
and  then  became  yellowi^  and  less  brilliant.  Its  bril- 
liancy diminished  fast  after  this,  and  it  became  more  rud- 
dy, like  glowing  embers.  Gradually  fading,  it  was  wholly 
invimble  after  fifteen  months. 

A  similar  phenomenon  is  said  to  have  caused  Hippar- 
chus  to  devote  himself  to  astronomy,  and  to  his  vast  pro- 
ject of  a  catalogue  of  the  stars,  that  posterity  might  know 
whether  any  changes  happened  in  the  heavens.  And,  in 
1604,  another  such  phenomenon,  though  much  less  re* 
markable,  engaged  for  some  time  the  attention  of  astrono- 
mers. Nor  are  these  all  the  examples  of  the  perishable 
nature  of  the  heavenly  bodies.     Several  stars  in  the  cala- 
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logues  of  Hi{^iaidiu8,  of  Ulugfa  Beigb,  of  Tydio  Bnh^ 
and  even  of  FlamsteacU  are  no  more  to  be  seen*  Tbqrai 
gone,  and  have  left  no  Usee. 

Should  we  now  turn  our  eyes  to  objects  that  are  nener 
us,  w€  shall  see  the  same  marks  of  change.  When  the 
Moon  is  viewed  through  a  good  telescope,  nuigMfjfi^ 
about  160  times,  we  see  her  whole  surfitte  occupied  faj 
volcanic  craters ;  some  of  them  of  prodipous  magiutudft 
Some  of  them  give  the  most  unquestionable  marks  of  seve» 
ral  successive  eruptions,  each  destroying  in  part  the  enter 
of  a  former  eruption.  The  precijntous  and  canggy  q^ 
pearance  of  the  brims  of  those  craters  is  precisely  such  as 
would  be  produced  by  the  ejection  of  rocky  matter.  In 
short,  it  is  impossible,  after  such  a  view  of  the  Hooa,  to 
doubt  of  her  being  greatly  changed  fiom  her  primitive 
state. 

Even  the  Sun  himself,  the  source  of  light,  and  heat^  and 
life,  to  the  whole  system,  is  not  free  from  sudi  dianges. 

If  we  now  look  round  us,  and  examine  with  judidous 
attention  our  own  habitation,  we  see  the  most  incontrover- 
tible marks  of  great  and  general  changes  over  the  whole 
£aoe  of  the  Earth.  Besides  the  slow  degradatioo  by  the 
action  of  the  winds  and  rains,  by  which  the  soil  is  grada* 
ally  washed  away  from  the  high  lands,  and  carried  bj  the 
rivers  into  the  bed  of  the  oceiui,  leaving  the  Alpine  sum- 
mits stripped  to  the  very  bone,  we  cannot  see  the  &ce  of  any 
rock  or  crag,  or  any  deep  gully,  which  does  not  point  out 
much  more  remarkable  changes.  These  are  not  confined 
to  such  as  are  plainly  owing  to  the  horrid  operations  of 
volcanoes,  but  are  universal.  Except  a  few  mountains, 
where  we  cannot  confidently  say  that  they  arc  factitious, 
and  which  for  no  better  reason  we  call  primitive,  there  is 
nothing  to  be  seen  but  ruins  and  convulsions.  What  is 
now  an  elevated  mountain  has  most  evidently  been  at  the 
bottom  of  the  sea,  and,  previous  to  its  being  there>  has 
been  habitable  surface. 


IXJIICAXIOVS  OF  DXCAT.  SOS 

It  IB  voy  true,  that  all  our  knowledge  on  this  subject  is 
laerdy  niperficiaL  The  highest  mountains,  and  deepest 
excavations,  do  not  bear  so  great  a  proportion  to  the  g^obe 
as  the  thickness  of  paper  that  covers  a  terrestrial  globe 
bears  to  the  bulk  of  that  philosophical  toy.  We  have  no 
authority  irom  any  thing  that  we  have  seen,  for  forming 
any  judgment  concenung  the  internal  constitution  of  the 
Earth.  But  we  see  enough  to  convince  us,  that  it  bears 
no  marks  of  eternal  duration,  or  of  existing  as  it  is,  by  its 
own  energy.  No !  all  is  peri8bable-*«ll  requires  the  su»» 
taining  hand  of  God,  and  is  subject  to  the  unsearchable 
designs  of  its  Author  and  Preserver. 

There  is  yet  another  class  of  objects  in  the  heavens,  of 
which  I  have  taken  no  notice.  They  are  called  xxbuljc, 
or  i^XBULons  stabs.  They  have  not  the  sparkling  briU 
hancy  that  distinguishes  the  stars,  and  they  are  of  a  sensi- 
ble diameter,  and  a  determinate  shape.  Many  of  them, 
when  viewed  through  telescopes,  are  clusters  of  stars, 
which  the  naked  eye  cannot  distinguish.  The  most  re- 
markable of  these  is  in  the  constellation  Cancer,  and  is 
known  by  the  name  Prasscpe.  Ptolemy  mentions  it,  and 
another  in  the  right  eye  of  Sagittarius.  Another  may  be 
seen  in  the  head  of  Orion.  Many  small  clusters  have  been 
discovered  by  the  help  of  glasses.  The  whole  galaxy  is 
nothing  else. 

But  there  is  another  kind,  in  which  the  finest  telescopes 
have  discovered  no  clustering  stars.  Most  of  them  have 
a  star  in  or  near  the  middle,  surrounded  with  a  pale  light, 
which  is  brightest  in  the  middle,  and  grows  more  faint  to- 
ward the  circumference.  This  circumference  is  distinct, 
or  well  defined,  and  is  not  always  round.  One  or  two  ne- 
bul«  have  the  form  of  a  luminous  disk,  with  a  hole  in  the 
middle  like  a  millstone.  They  are  of  various  colours, 
white,  yellow,  rose-coloured,  &c.  Dr  Herschel,  in  several 
of  the  late  volumes  of  the  Philosophical  Transactions, 
has  given  us  the  places  of  a  vast  number  of  nebula?,  with 
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curious  descriptions  of  their  peculiar  appearances,  and  a 
series  of  most  ingenious  and  interesting  reflections  on  their 
nature  and  constitution.  His  Thoughts  on  the  Siructure  ^ 
the  Heavens  are  full  of  most  curious  sj^eculation,  and 
should  be  read  by  every  philosopher. 

When  we  reflect,  that  these  singular  objects  are  not. 
hke  the  fixed  stars,  brilliant  points,  which  become  smaller 
when  seen  through  finer  telescopes,  but  have  a  sensible  and 
measurable  diameter,  sometimes  exceeding  2' ;  and  when 
we  also  recollect,  that  a  ball  of  t?00,()O0,(KX)  miles  in  dia- 
meter, which  would  fill  the  wlv>le  orbit  of  the  Earth  round 
the  Sun,  would  not  subtend  an  angle  of  two  seconds  when 
taken  to  the  nearest  fixed  star,  what  must- we  think  of 
these  nebulae;  ?  One  of  them  is  certainly  some  thousands 
of  times  bigger  than  the  Earth^s  orbit.  Although  our 
finest  telescopes  cannot  separate  it  into  stars,  it  is  still  pro- 
l)able  that  it  is  a  cluster.  It  is  not  unreasonable  to  thint, 
with  Dr  Herschel,  that  this  object,  which  requires  a  tele- 
scojx?  to  find  it  out,  will  appear,  to  a  s{)ectator  in  its  cen- 
tre, much  the  same  as  the  visible  heavens  do  to  us ;  and 
that  this  starry  heaven,  which  to  us  api^ears  so  niagnifioent, 
is  but  a  nebulous  star  to  a  spectator  placed  in  that  nebula. 

The  human  mind  is  almost  overpowered  by  such  a 
thought.  When  the  soul  is  fillc»d  with  such  conceptions 
of  the  extent  of  created  nature,  we  can  scarcely  avoid  ex- 
claiming, "  Lord,  what  then  is  man  that  thou  art  mindful 
"  of  him  r^  Under  such  impressions,  David  shnink  into 
nothing,  and  feared  that  he  should  be  forgotten  amongst 
so  many  great  objects  of  the  divine  attention.  His  com- 
fort and  ground  of  relief  from  this  dejecting  thought  are 
remarkal)le  :  "  But,"'  says  he,  "  thou  hast  made  man  but 
"  a  little  lower  than  the  angels,  and  hast  crowned  him 
"  with  glory  and  honour."  David  corrected  himself  by 
calling  to  mind  how  high  he  steod  in  the  scale  of  God's 
works.     He  recognised  his  own  divine  original,  and  his  al- 
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Qmoe  tP  th^  Autbor  of  all    Now,  cheer^  and  delight^> 
he  cries  out,  *^  Lord,  how  glorious  is  thy  name  !^ 


Thxbs  renudiis  yet  another  pheBomeoon,  which  b  vfry 
evidently  oonoected  with  tba  pieehanism  <if  the  sohMT  ^s« 
tam,  and  b  in  itsolf  both  cmiwa  and  iiaportant.  I  mean 
the  tides  of  our  ocean«  Although  it  9ppear»  improper  to 
call  this  an  astronomical  phenomenon,  yet,  as  it  is  most 
eridently  connected  with  the  poiition  of  the  Sun  and 
Moon,  we  must  attribute  this  connexion,  in  fact,  to  a  na- 
taral  eonnesuon  in  the  way  of  cause  and  e0Vot 
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we  observe  on  the  shores  of  the  ocean,  when,  in  the  9ftlm- 
esft  weather,  and  mpst  qcrepe  sHy^  the  vast  body  of  waters 
that  bathe  our  poii^ts  advances  oq  our  shores,  inundating 
all  the  flat  sands,  rining  \o  a  ponsiderahle  height,  and  then 
aa  gradually  retiring  agun  tp  the  bed  of  the  ocean ;  and 
all  this  without  the  appearance  c^  any  cause  to  impel  the 
waters  to  our  shor^  and  again  to  draw  them  off.  Twice 
every  day  is  this  r^xsaled.  In  many  places,  0iis  ^iptipp 
o£  the  waters  is  tremendous,  the  sea  advancing,  even  \fi 
the  palmsst  weather,  with  a  high  stirge,  rolling  alopg 
the  flats  with  inesistless  violence,  and  rising  to  the  height 
of  many  fiithoms.  In  the  bay  of  Fundy*  it  comes  pn  with 
a  prodigious  ndise,  in  one  vast  wave,  ^at  is  seen  thirty 
Qiiles  off;  and  the  waters  rise  100  and  120  feet  in  the 
harbour  of  Annapolis-Royal,  At  the  mouth  of  the  Se- 
vern, the  flood  al^o  comes  up  in  one  head,  abo^t  ten  fpet 
highy  bringing  certain  destruction  to  any  small  craft  th^t 
has  been  unfortunately  left  by  the  ebbing  waters  pn  tJip 
flats ;  and  as  it  passes  the  mouth  of  tbp  Afoa,  it  8^|ds  up 
Vol.  III.  U 


1 


306  PHYSICAL  AST1O1I0IIT. 

that  small  river  a  vast  body  of  water,  riaiDg  fisrly  or  fifty 
feet  at  Bristol. 

Such  an  appearance  fordbly  calls  the  attentkyn  of  think- 
ing men,  and  excites  the  greatest  curiosity  to  diaoorv  the 
cause.  Accordingly,  it  has  been  the  object  of  iiiamth  to 
all  who  would  be  thought  philosofdiers.  We  find  vcrjr 
little,  however,  on  the  subject,  in  the  wntings  of  the  Gre^ 
The  Greeks,  indeed,  had  no  opportunity  of  knowing  nuidi 
about  the  ebbing  and  flowing  of  the  sea,  as  this  phenome- 
non is  scarcely  perceptible  on  the  shores  of  the  Mediter* 
ranean  and  its  adjoining  seas.  The  Persian  expeditioD  of 
Alexander  gave  them  the  only  opportunity  they  ever  had, 
and  his  army  was  astonished  at  finding  the  ships  left  oo  the 
dry  flats  when  the  sea  retired.  Yet  Alexander's  precep- 
tor, Aristotle,  the  prince  of  Greek  philosophers,  shews  little 
curiosity  about  the  tides,  and  is  contented  with  barely  men- 
tioning them,  and  saying,  that  the  tides  are  most  remarfca- 
ble  in  great  seas. 

373.  When  we  search  after  the  cause  of  any  recurring 
event,  we  naturally  look  about  for  recurring  OMioomitant 
circumstances ;  and  when  we  find  any  that  generally  aooom- 
pany  it,  we  cannot  help  inferring  some  connexion.  All 
nations  seem  to  have  remarked,  that  the  fiood-tide  always 
comes  on  our  coasts  as  the  Moon  moves  across  the  heavens, 
and  comes  to  its  greatest  height  when  the  Moon  is  in  one 
particular  portion,  generally  in  the  south-west.  They  have 
also  remarked,  that  the  tides  arc  most  remarkable  about 
the  time  of  new  Moon,  and  become  more  moderate  by  de- 
grees every  day,  as  the  Moon  draws  near  the  quadrature, 
after  which  they  gradually  increase  till  abQut  the  time  of 
full  Moon,  when  they  are  nearly  of  their  greatest  height. 
They  now  lessen  every  day  as  they  did  before,  and  are 
lowest  about  the  last  quadrature,  after  which  they  increase 
duly,  and,  at  the  next  new  Moon,  are  a  third  time  at  the 
highest. 

These  circumstances  of  concomitancy  have  been  noticed 
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by  all  nationsi  even  the  most  uncultivated ;  and  all  seem 
to  have  ooocurred  in  ascribing  the  ebbing  and  flowing  of 
the  sea  to  the  Moon,  as  the  eflScient  cause,  or,  at  least,  as 
the  oocaaon,  of  this  phenomenon,  although  without  any 
comprehension,  and  often  without  any  thought,  in  what 
manner,  or  by  what  powers  of  nature,  this  or  that  position 
of  the  Moon  should  be  accompanied  by  the  Ude  of  flood  or 
of  ebb. 

Although  this  accompaniment  has  been  every  where  re- 
marked, it  is  liable  to  so  many  and  so  great  irregularities, 
fay  winds,  by  freshes,  by  the  change  of  seasons,  and  other 
causes,  that  hardly  any  two  succeeding  tides  are  observed 
to  correspond  with  a  predse  position  of  the  Moon.     The 
only  way,  therefore,  to  acquire  a  knowledge  of  the  con- 
nexion that  may  be  useful,  either  to  the  philosopher  or  to 
the  citizen,  is  to  multiply  observations  to  such  a  number, 
that  every  source  of  irregularity  may  have  its  period  of 
operation,  and  be  discovered  by  the  return  of  the  period. 
The  inhabitants  of  the  sea-coasts,  and  particularly  the 
fishermen,  were  most  anxiously  interested  in  this  research. 
374.  Accordingly,  it  was  not  long  after  the  conquests  of 
the  Romans  had  g^ven  them  possession  of  the  coasts  of  the 
ocean,  before  they  learned  the  chief  circumstances  or  laws 
according  to  which  the  phenomena  of  the  tides  proceed. 
Pliny  says,  that  they  had  their  source  in  the  Sun  and  the 
Moon.     It  had  been  inferred,  from  the  gradual  change  of 
tides  between  new  Moon  and  the  quadrature,  that  the  Sun 
was  not  unconcerned  in  the  operation.     Pytheas,  a  Greek 
merchant,  and  no  mean  philosopher,  resident  at  Marseilles, 
the  oldest  Grecian  colony,  had  often  been  in  Britain,  at 
the  tin-mines  in  Cornwall  and  its  adjacent  islands.     He 
had  observed  the  phenomena  with  great  sagacity,  and  had 
collected  the  observations  of  the  natives.     Plutarch  and 
Pliny  mention  these  observaUons   of  Pytheas,   some  of 
them  very  delicate,  and,  the  whole  taken  together,  contain- 
ing almost  all  that  was  known  of  the  subject,  till  the  dis- 
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coveries  of  Sir  Is&ac  Newton  taught  the  yliihutifihti  b  vhl 
to  look  for  in  theh*  inquiries  into  the  nastme  «if  the  «MkB, 
and  how  to  class  the  phenomena.  Pytheas  had  not  only 
observed,  that  the  tides  gradually  :id)ated  Irora  thettMS  df 
new  and  full  moon  to  the  times  of  the  quadntaKSy  and 
then  increased  again ;  but,  had  also  remarked,  yiat  ^n 
vulgar  observation  was  not  exadt,  btft  diat  the  g;reatat  tide 
was  always  two  days  after  new  or  full  Moon,  and  die 
smallest  was  as  long  after  the  quadratures.  He  also  eor- 
rected  the  common  ob8er\'ation  of  the  tides  falling  liier 
every  day,  by  observing,  that  this  retardation  of  the  tides 
>was  much  greater  when  the  moon  was  in  quadrature  llaii 
when  new  or  full.  The  tide-day,  about  the  time  of  new 
and  full  Moon,  is  really  shorter  by  50'  than  at  the  time  df 
her  quadrature. 

375.  This  variation,  in  the  interval  of  the  tidei,  is  adl- 
ed  the  priming  or  the  XAConsc  of  the  tides,  accardiog 
as  we  refer  them  to  lunar  or  solar  time.  Pytheas  probably 
learned  much  of  this  nicety  of  observation  from'flieConiitfi 
fishermen.  By  i4S lianas  accounts,  they  had  nets  extended 
along  ehorc  for  several  miles,  and  were  therefore  much  in- 
terested in  this  matter. 

876.  Many  observations  on  the  sepes  of  phenomena, 
which  completes  a  period  of  the  tides,  are  to  be  found  in 
the  books  of  hydrography,  and  the  instructions  for  ma- 
riners, to  whom  the  exact  knowledge  of  the  course  of  the 
tides  is  of  the  utmost  importance.     But  we  never  had  any 
good' collection  of  observations,  from  which  the  laws  of  their 
pr(^;re8S  could  be  learned,  till  the  Academy  of  Paris  pro- 
eured  an  order  from  government  to  the  officers  at  the  ports 
of  Brest  and  Rochefort,  to  keep  a  register  of  all  the  phe- 
wamena,  and  report  it  to  the  Academy.     A  register  of  ob- 
WPVations  was  accordingly  continued  for  six  years,  with- 
.  out- interruption,  at  both  ports,  and  the  observations  were 
j^ptfdiihcd,  forming  the  most  complete  series  that  is  to  be 
^^fetwith  in  any  department  of  science,  astronomy  akme 
f  5 
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excepted,  TIw  joupgeir  Ca3siiu  undertook  tlm  exnminft- 
tioaof  l)ie«e  cepsten)  in  wien  to  deduce  foxa  them  the 
geoenl  laws  of  the  udes.  Tliis  toak  he  executed  with 
cmnderable  suooesa,;  and  the  general  rules  which  he  has 
given  contain  a  much  better  arrangement  of  all  the  [Aeno- 
m.eDa„  their  penods  aod  changes,  than  any  thing  that  had 
yet  appealed  Indeed  there  had  scarcely  any  thing  been 
added  to  the  vi^gue  experience  of  ilhterate  pilots  and  fisher- 
men^ exG^  two  dissertations  by  Wallis  and  Flamstead, 
publisbed  in  the  Philosophical  Transaction3. 

377.  It  is  not  likely,  notwithstanding  this  excellent  col- 
lection of  observations,  that  our  knowledge  would  have 
proceeded  much  farther,  had  not  Newton  demonstrated 
that  a  series  of  jdienomena  perfectly  resembling  the  tides 
resulted  from  the  mutual  attraction  of  all  matter.  These 
consequences  pointed  out  to  those  interested  in  the  know- 
ledge of  the  tides  what  vicissitudes  or  changes  to  look  for 
—what  to  look  for  as  the  natural  or  regular  sfsries — what 
they  are  to  oqosider  as  mere  anomalies— what  periods  to 
expect  in  the  different  variations — and  whether  there  are 
not  periods  which  comprehend  the  more  obvious  periods  of 
the  tides,  distinguishing  one  period  from  another.  As  soon 
as  this  clue  was  obtained,  every  thing  was  laid  open,  and 
without  it,  the  labyrinth  was  almost  mextricable ;  for  in 
the  variations  of  the  tides  there  are  periods  in  which  the 
changes  are  very  considerable ;  and  these  periods  continu- 
ally cross  each  other,  so  that  a  tide  which  should  be  great, 
ocm&dered  as  a  certain  tide  of  one  period,  should  be  small,  * 
Gonodered  as  a  certain  tide  of  another  period.  When  it 
arrives,  it  is  neither  a  great  nor  a  small  tide,  but  it  pre- 
vents both  periods  from  offering  themselves  to  the  mere 
observer.  The  tides  afford  9,  very  strong  example  of  tlic 
great  importance  of  a  theory  for  directing  even  our  obser- 
vations.  Aided  by  the  Newtonian  theory,  wc  have  dis- 
covered many  periods,  in  which  the  tides  suffer  gradual 
dianges,  both  in  their  hour  and  in  their  hpight,  which  com- 
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monly  are  so  implicated  with  one  another,  that  they  never 
would  have  been  discovered  without  this  nKHiitar,  whereas 
now,  wc  can  predict  them  all. 

S78.  The  phenomena  of  the  tides  are,  in  gaienl,  the 
following : 

1.  The  waters  of  the  ocean  rise,  from  a  medium  ho^t 
to  that  of  high  water,  and  again  ebb  away  from  the  shores, 
falling  nearly  as  much  below  that  medium  state,  and  then 
rise  again  in  a  succeeding  tide  of  flood,  and  again  make 
high  water.  The  interval  between  two  succeeding  lugfa 
waters  is  about  12^  25',  the  half  of  the  time  of  the  Moon's 
daily  circuit  round  the  Earth,  so  that  we  have  two  tides  of 
flood  and  two  ebb  tides  in  every  ^^  Bff.  This  is  the 
shortest  period  of  phenomena  observed  in  the  tides.  The 
gradual  subsidence  of  the  waters  is  such  that  the  diminu- 
tions of  the  height  are  nearly  as  the  squares  of  the  times 
from  high  water.  The  same  may  be  said  of  the  subsequent 
rise  of  the  waters  in  the  next  flood.  The  time  of  low  wa- 
ter is  nearly  half  way  between  the  two  hours  of  high  water; 
not  indeed  exactly,  it  being  observed  at  Brest  and  Roche- 
fort  that  the  flood  tide  commonly  takes  ten  minutes  less 
than  the  ebb  tide. 

379.  As  the  different  phenomena  of  the  tides  are  chiefly 
distinguishable  by  the  periods,  or  intervals  of  time  in  whidi 
they  recur,  it  will  be  convenient  to  mark  those  periods  by 
different  names.  Therefore,  let  the  time  of  the  apparent 
diurnal  revolution  of  the  Moon,  viz.  24**  SC,  be  called  a 
LUKAR  DAY,  and  the  24th  part  of  it  be  called  a  lunar 
HOUR.  To  this  interval  almost  all  the  vicissitudes  of  the 
tides  are  most  conveniently  referred.  Let  the  name  tide 
DAY  be  ^ven  to  the  interval  between  two  high  waters,  or 
two  low  waters,  succeeding  each  other  ^^ith  the  Moon  near- 
ly in  the  same  position.  This  interval  comprehends  two 
complete  tides,  one  of  the  full  seas  happening  when  the 
Moon  is  above  the  horizon,  and  the  next  when  she  is 
under  the  horizon.     We  shall  also  find  it  convenient  to 
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difltinguiflh  these  tidea^  by  calling  the  first  the  supkrioe 
TiDBi  and  the  other  the  infsbioe  tide.  At  new  Moon 
they,  may  be  called  the  Morning  and  Eveniiig  tides. 

380.  2.  It  b  not  only  observed  that  we  always  have  high 
water  when  the  Moon  is  on  some  particular  point  of  the 
compass  (S.  W.  nearly)  but  also  that  the  height  of.  full  sea 
from  day  to  day  has  an  evident  reference  to  the  phases  of 
the  Moon.  At  Brest,  the  highest  tide  is  always  about  a 
day  and  a  half  after  full  or  change.  If  it  should  happen 
that  high  water  falls  at  the  very  time  of  new  or  full  Moon, 
the  third  full  sea  after  that  one  is  the  highest  of  all.  This 
18  called  the  speing-tidb.  Each  succeeding  full  sea  is  less 
than  the  preceding,  till  we  come  to  the  third  full  sea  after 
the  Moon's  quadrature.  This  is  the  lowest  tide  of  all,  and 
it  is  called  neap-tide.  After  this,  the  tides  again  increase, 
till  the  next  full  or  new  Moon,  the  third  after  which  is 
again  the  greatest  tide. 

381.  The  higher  the  tide  of  flood  rises,  the  lower  does 
the  ebb  tide  generally  sink  on  that  day.  The  total  mag- 
nitude of  the  tide  is  estimated  by  taking  the  difference  be- 
tween high  and  low  water.  As  this  is  continually  varying, 
the  best  way  of  computing  its  magnitude  seems  to  be,  to 
take  the  half  sum  of  two  succeeding  tides.  This  must  al- 
ways give  us  a  mean  value  for  the  tide  whose  ftill  sea  was 
in  the  middle.  The  medium  spring-tide  at  Brest  is  about 
nineteen  feet,  and  the  neap-tide  is  about  nine. 

Here  then  we  have  a  period  of  phenomena,  the  time  of 
which  is  liaif  of  a  lunar  month.  This  period  comprehends 
the  most  important  changes,  both  in  respect  of  magnitude, 
and  of  the  hours  of  high  and  low  water,  and  several  modi- 
ficatioBS  of  both  of  those  circumstances,  such  as  the  daily 
difference  in  height,  or  in  time. 

3BS.  3.  There  is  another  period,  of  nearly  twice  the  same 
duration,  which  greatly  modifies  all  those  leading  circum-  ■ 
stances.     This  period  has  a  reference  to  the  distance  of  the 
Moon,  and  therefore  depends  on  the  Moon  s  revolution  in 
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hef  orbit  All  the  phcMmeim  an  lAcraund  whn  the 
Moon  b  nearer  to  tht  Earth.  Thcntfore  the  hi^bm 
spring-tide  is  observed  when  the  Moon  is  sn  ptrigm^  nd 
the  next  ^pting^de  is  the  stnallestp  beoause  the  Moon  is 
then  nearlj  tn  apog$(h  This  will  make  a  diffenooeaf  8f 
feet  ftom  the  medium  height  of  spring4ide  at  Brest)  and 
therefore  oocasion  a  cfi/terence  of  6^  between  the  gieatHt 
and  the  least  It  is  evident  that  as  the  perigean  aad  i^ 
gean  situation  of  the  Moon  may  happen  in  every  part  of  a 
lunation,  the  equation  for  the  height  of  dde  dependiqg  upon 
lliis  circumstance  mAy  often  run  counter  to  the  equatioa 
ocxresponding  to  the  regular  monthly  series  of  tidea,  and 
wdl  seemingly  destroy  th^  regularity. 

S8S.  4.  The  variation  in  the  Sun"^  distance  also  aficls 
the  tides,  but  not  nearly  so  much  as  those  in  the  distance 
of  the  Moon.  In  our  winter,  the  spring-tides  are  gnatcr 
than  in  summer,  and  the  neap-tides  are  smaller* 

384.  5.  The  declination,  both  of  the  Sun  and  Moon, 
affects  the  tides  remarkably  ;  but  the  effects  are  too  intri- 
cate to  be  distinctly  seen,  till  we  perceive  the  causes  on 
which  they  depend. 

386.  6.  All  the  phenomena  arc  also  modified  by  the  la- 
titude of  the  place  of  ob9er>'ation ;  and  some  phenomena 
occur  in  the  high  latitudes,  which  arc  not  seen  at  all  when 
the  place  of  observation  is  on  tlic  equator.  In  particular, 
when  the  observer  is  in  north  latitude,  and  the  Moon  has 
north  dedinadon,  that  tide  in  which  the  Moon  is  above  the 
horinm  is  greata-  than  the  other  tide  of  the  same  day, 
whcA  the  Moon  is  below  the  horison.  It  will  be  the  con- 
trary, if  either  the  observer  or  the  Moon  (but  not  both) 
have  south  declination.  If  the  polar  distance  of  the  ob- 
server be  equal  to  the  Moon's  declination,  he  will  see  but 
one  tide  in  the  day,  containing  twelve  hours  flood  and 
twelvb  hours  ehb, 

te8.  7.  To  all  this  it  must  be  added,  that  local  circum- 
attnm  of  situatitm  alter  ail  the  phenomena  remarkably. 


THVOBT  OF  THX  TIBXS.     ,  SIS 

IR>  OS  frequMttly  to  leave  Hsuoely  any  ctrcunuunces  of  re* 
semMuMM^  eioept  the  cnder  and  periods  in  which  the  va* 
rious  phanmena  fbUow  one  another. 

We  must  now  endeavour  to  account  fin- tfaeee  remarkable 
movements  and  vicuntudeB  in  the  waten  of  the  ocean. 

S87.  Snoe  the  phenomena  of  the  fdanetary  motions  de» 
monstrate  that  every  particle  of  matter  in  this  globe  gravi. 
tales  10  the  Snn,  and  smce  they  are  at  various  distances 
fiom  his  centra^  it  is  evident  that  they  gravitate  unequaDy, 
and  that,  from  this  inequality^  there  must  arise  a  disturt)- 
anoe  of  that  equihbrium  which  terrestrial  gravitation  alone 
might  produce.  If  this  globe  be  supposed  either  perfectly 
fluid  and  homogeneous,  or  to  oonnst  of  a  spherical  nucleus 
covered  with  a  fluid,  it  is  dear  that  the  fluid  must  assume 
a  perfectly  spherical  form,  and  that  in  this  form  alone 
eveiy  particle  will  be  in  equilibria  But  when  we  add  to 
the  fbroes  now  acting  on  the  waters  of  the  ocean,  their  un- 
equal gravitation  to  the  Sun,  tlus  equilibrium  is  distuHbed, 
and  the  ocean  cannot  remain  in  this  form.  We  may  ap- 
ply to  the  particles  of  the  ocean  every  thing  that  we  for- 
merly said  of  the  gravitation  of  the  Moon  to  the  Sun  in  the 
different  points  of  her  orbit ;  and  the  same  construction  in 
Fig.  31,  that  gave  us  a  representation  and  measure  of  the 
fbtces  which  deranged  the  lunar  motions,  may  be  employed 
for  giving  us  a  notion  of  the  manner  in  which  the  particles 
of  water  in  the  ocean  are  affected.  The  circle  O  B  C  A 
may  represent  the  wateiy  sphere,  and  M  any  particle  of 
the  water.  The  central  particle  E  gravitates  to  the  Sun 
with  a  foroe  whidi  may  be  represented  by  E  S.  The  gra* 
vHatidi  of  the  particle  M  must  be  measured  by  M6.  This 
foroe  M  G  may  be  conceived  as  compounded  of  M  F,  equal 
and  parallel  to  E  S,  and  of  M  H.  The  force  M  F  occa- 
nns  no  alteration  in  the  gravitation  of  M  to  the  Ekrth, 
and  M  H  is  the  only  disturbmg  force.  We  found  that  this 
uunslmeliun  may  be  greatly  simplified,  and  that  M  I  may 
be  nbstitnted  for  M  H  without  any  sensible  error,  because 
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it  never  differs  from  it  more  than  ^i^.  We  therefore  made 
£  I,  in  Fig.  82,  =  S  M  N,  and  considered  M  I  as  the  dis- 
turbing force.  This  construction  is  iqpplicable  to  the  pre- 
sent question,  with  much  greater  accuracy,  because  the 
radius  of  the  Earth  is  but  the  sixtieth  part  o£  that  of  the 
Moon's  orlnt.  This  reduces  the  error  to  vvivjit  ^  quanti- 
ty altogether  insensible. 

388.  Therefore  let  O  A  C  B  (Fig.  45.)  be  the  terraque- 
ous  globe,  and  C  S  a  line  directed  to  the  Sun,  and  B  £  A 
the  section  by  that  circle  which  separates  the  illuminated 
from  the  dark  hemisphere.  Let  F  be  any  particle,  whe- 
ther on  the  surface  or  within  the  mass.  Let  Q  F  N  be  per- 
pendicular to  the  plane  B  A.  Make  £  I  =  3  F  N,  and 
join  F  I.  F  I  is  the  disturbing  force,  when  the  line  £  S  is 
taken  to  represent  the  gravitation  of  the  particle  £  to  the 
Sun.  This  force  F  I  may  be  conceived  to  be  compounded 
of  two  forces  F  £  and  P  Q.  F  £  tends  to  the  centre  of 
the  £arth.  F  Q  tends  from  the  plane  B  A,  or  toward  die 
Sun. 

If  this  construction  be  made  for  every  particle  in  the 
fluid  sphere,  it  is  evident  that  all  die  forces  F  £  balance 
one  another.  Therefore  they  need  not  be  considered  in 
the  present  question.  But  the  forces  F  Q  evidently  dimi- 
nish the  terrestrial  gravitation  of  every  particle.  At  C  the 
force  F  Q  acts  in  direct  opposition  to  the  terrestrial  gravity 
of  the  particle.  And,  in  the  situation  F,  it  diminshes  the 
gravity  of  die  particle  as  estimated  in  the  direction  P  N. 
There  is  therefore  a  force  acting  in  the  direction  N  P  on 
every  particle  in  the  canal  P  N.  And  this  force  is  porpor* 
tional  to  the  distance  of  the  particle  from  the  plane  B  A 
(for  P  Q  is  always  =  3  P  N).  Therefore  the  water  in  this 
canal  cannot  remiun  in  its  former  position,  its  equilibrium 
being  now  destroyed.  This  may  be  restored,  by  adding  to 
the  column  N  P  a  small  portion  P^,  whose  weight  may  com- 
pensate the  diminution  in  the  weight  of  die  colunm  N  P. 
A  similar  addition  may  be  made  to  every  such  column  per- 
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pendkular  to  the  plane  B  E  A.  This  being  supposed^  the 
spherical  figure  of  the  globe  will  be  changed  into  that  of  an 
elliptical  sphermd,  having  its  axis  in  the  line  O  C,  and  its 
poles  in  O  and  C. 

Without  making  this  addition  to  every  column  N  P,  we 
may  understand  how  the  equilibrium  may  be  restored  by 
the  waters  subsiding  all  around  the  circle  whose  section  is 
B  A,  and  rising  on  both  sides  of  it.  For  it  was  shewn  (3^0.) 
that  in  a  fluid  elliptical  spheroid  of  gravitating  matter,  the 
gravitation  of  any  particle  P  to  all  the  other  particles  may 
be  resolved  into  two  forces  P  N  and  P  M  perpendicular  to 
the  plane  B  A  and  to  the  axis  O  C,  and  proportional  to 
P  N  and  P  M  ;  and  that  if  the  forces  be  really  in  this  pro- 
portion, the  whole  will  be  in  equilibrio,  provided  that  the 
whole  forces  at  the  poles  and  equator  are  inversely  as  the 
diameters  0  C  and  B  A.  Now  this  may  be  the  case  here. 
For  the  forces  superadded  to  the  terrestrial  gravitation  of 
any  particle  are,  1^^,  A  force  PE  proportional  to  PE. 
When  thb  is  resolved  into  the  directions  P  N  and  P  M, 
the  forces  arising  in  this]  resolution  are  as  P  N  and  P  M, 
and  therefore  in  the  due  proportion :  2(/,  the  force  P  Q, 
which  is  also  as  P  N.  It  is  evident  therefore  that  this  mass 
may  acquire  such  a  protuberancy  at  O  and  C,  that  tlie 
foice  at  O  shall  be  to  the  force  at  B  as  B  A  to  O  C,  or  as 
£  A  to  E  C.  We  are  also  taught  in  sect.  341.  what  this 
protuberance  must  be.  It  must  be  such  that  four  times 
the  mean  gravity  of  a  particle  on  the  surface  is  to  five  times 
the  disturbing  force  at  O  or  C  as  the  diameter  B  A  is  to 
the  excess  of  the  diameter  O  C.  This  ellipticity  is  ex- 
pressed by  the  same  formula  as  in  the  former  case,  viz. 

i  _  if  -  E  C  —  E  A. 
r  "-  5g^  "~         E  C 

389.  Thus  we  have  discovered  that,  in  consequence  of 
the  unequal  gravitation  of  the  matter  in  the  Earth  to  the 
Sun,  the  waters  will  assume  the  form  of  an  oblong  ellipti- 
cal sphercHd,  having  its  axis  directed  to  the  Sun,  and  its 
poles  in  those  points  of  the  surface  which  have  tlic  Sun  in 
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the  zcnkb  and  nadir.    There  the  wateftaieU|^cttabon 

the  sui&ce  of  a  sphcxe  of  equal  caiMuatj.    Attawwindda 

drcumfeieBce  B  £  A,  the  watera  ave  belov  Ifaft  aalaiiL 

level.    A  spectator  placed  on  thb  circuinSbrence  mqs.  tk 

Sun  in  the  hcrison. 

We  can  tell  exactly  what  this  piotuKberaiioe  £Q — SH 

must  be^  because  we  knowlbepiopoitioDaaf  all  thefioica, 

Let  W  leprafent  the  terrestrial  gnuritatifln,  or  the  wei^t 

of  the  particle  C^  and  G  the  gravitalion  oS  the  sasae  psr- 

ticle  to  the  Sun,  and  let  F  be  the  disturbing  force  acdog 

on  a  particle  at  C  or  at  O,  and  therefore  =  3  C  £.    Let 

S  and  £  be  the  quantity  of  matter  in  the  Sun  and  ia  tlie 

£arth. 

Then  (Fig. 31.)  F  :  G  =  3C£:  C  G 

S        E 
G  :  W=  rjg^ :  J,  „ J  (222.) 

1.       r  r.     r^r       SCExS     CGxE 

therefore  F:W=z — ^^ — :  ~J]vT- = 

3  S  £ 

CS*XCG  '  CE^*     ^"*'  because  C  S- :  E  S*  =  ES:  C  G, 

we  have  C  S^  x  C  G  =  E  S-  x  E  S,  =  E  S^     Thcrcfcre 

3  8       E 
F  :  W  =  g-g3  :  gYj5-      Now  E  :  S  =  I  :  338343,  and 

E  C  :  £  S  =  1  :  23668.     This  will  give  ^  :  ^^= 

1  :  12778541,  =  F  :  W. 

Finally,4W:6F=CE:  CE  — AE.  Weshallfind 
this  to  be  nearly  24^  inches. 

390.  Such  is  the  figure  that  this  globe  would  assume, 
had  it  been  originally  fluid,  or  a  spherical  nucleus  covered 
with  a  fluid  of  equal  density.  The  two  summits  of  the 
watery  spheroid  would  be  raised  about  two  feet  above  the 
equator  or  place  of  greatest  depression. 

But  the  Earth  is  an  oblate  spheroid.  If  we  suppose  it 
covered,  to  a  moderate  depth,  with  a  fluid,  the  waters 
would  acquire  a  certain  figure,  which  has  been  considered 


dkedljp.  Ij0t1lKd]0ttiTbaig£Rtae.  of  AeSunvAoatinB 
figure.  Atfumge  ciligan  mat  be  fmidooedy  and  the 
watatvuuMkr  tieSiui,  and  those  m  the<ippaite  parts,  irill 
he  deiPitad «bo?e libeiriuitunl  suvfiwe,  and  the  ooeea  irill 
iw  defireiBed  <iq  <he  xuconference  BE  A.  It  «  plain, 
that  this  dloNi^  ^df  figure  wifi  be  almost  tlie  saaie  in  ewer3r 
place  as  if  the  Earth  ivere  a  spheie.  Bor  dhe  diffiEvenee 
between  the  tfAiiagr  prodooed  i)j  die  Son^diitaA 
4Kithefiguve  of  the  Add  sphere  or  :fliud,Bpheroid,  arkeB 
BtMyifromthediflbreneeintbe  grasritation  of  apartideof 
water  to  tlie  iphere  and  to  the  spheroid.  This  diffiarenoe, 
in  any  part  of  the  stH>fiMe,  is  exoeedingljr  smaH,  not  lieing 

— -^  of  the  whole  grantation.     The  difference,  therefore, 

I 

in  the  <:Aa9|g«  produced  by  the  Sun  cannot  be  —--^  of  the 

whole  dbaoge.  Therefore,  «nce  it  is  from  the  propmHan 
rfthe  dkturbing  force  to  die  ferce  of  gravity  tbi^  the  el- 
liptidty  ts  detemined,  it  fcdlows,  that  ihe  chemge  of  figure 
is,  to  all  sense,  >fiie  'same,  wh^her  the  Earth  be  a  sphere 
'Or  a  spheroid  whose  ecoentricity  is  less  Aan  ^^y. 

Let  us  suppose,  for  the  present,  that  the  watery  sphe^ 
roid  always  has  that  form  which  .produces  an  equilibrium 
in  all  its  particles.  This  cannot  ever  be  &e  ease,  because 
^some  time  must  elapse  before  an  accelerating  foree  can 
produce  any  finite  change  in  the  disposition  of  the  waters. 
Vnt  ihe  contemplation  df  this  figure  gives  us  the  most 
distinct  notion  of  the  fi)rces  that  are  in  action,  and  of  their 
effects ;  and  we  can  afterwards  state  the  difference  that 
must  obtain,  because  the  figure  is  not  completely  at. 
tained. 

Suppo&ng  it  really  attained,  it  follows,  that  the  ocean 
will  be  most  elevated  in  those  places  which  have  the  Sun 
in  the  zenith  or  nadir,  and  most  depressed  in  those  places 
where  the  Sun  is  seen  in  the  liorizon.    While  the  Earth 


\ 
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turns  round  its  axis,  the  pole  of  the  spheraid  keeps  Ml 
toward  the  Sun,  as  if  the  waters  stood  still,  and  the  soEd 
nucleus  turned  round  under  it.  The  pbeDomena  may  per- 
haps be  easier  concdved  by  supposing  the  Earth  to  re- 
main at  rest,  and  the  Sun  to  revolve  round  it  in  S4  hours 
from  east  to  west.  The  pole  of  the  spheroid  follows  Urn, 
as  the  card  of  a  mariner^s  compass  follows  the  magnet; 
and  a  spectator  attached  to  one  part  of  the  nudens  will  aee 
all  the  vidssitudes  of  the  tide.  Suppose  the  Sun  in  the 
equinox,  and  the  observer  also  on  the  Earth^'s  equstor, 
and  the  Sun  just  rising  to  him.  The  observer  is  then  m 
the  lowest  part  of  the  watery  spheroid.  As  the  Sun  rises 
above  the  horizon,  the  water  also  rises ;  and  when  the 
Sun  is  in  the  zenith,  the  pole  of  the  sphercnd  has  nov 
reached  the  observer,  and  the  water  is  two  feet  deqper 
than  it  was  at  sun-rise.  The  Sun  now  approaching  the 
western  horizon,  and  the  pole  of  the  ocean  goiiig  along 
with  him,  the  observer  sees  the  water  subside  again,  and 
at  sun-set  it  is  at  the  same  level  as  at  sunrise.  As  the  Sun 
continues  hb  course,  though  unseen,  the  opposite  pole 
of  the  ocean  now  advances  from  the  east,  and  the  observer 
sees  the  water  rise  again  by  the  same  degrees  as  in  the 
way  of  forming  a  good  guess  of  the  state  of  the  tide  is  to 
morning,  and  attain  the  height  of  two  feet  at  midnight, 
and  again  subside  to  its  lowest  level  at  six  o'^clock  in  the 
following  morning.  , 

Thus,  in  24  hours,  he  has  two  tides  of  flood  and  two 
ebb  tides ;  high  water  at  noon  and  midnight,  and  low  water 
at  six  o'^clock  moniing  and  evening.  An  observer,  not  in 
the  equator,  will  see  the  same  gradation  of  phenomena  at ' 
the  same  hours ;  but  the  rise  and  fall  of  the  water  will  not 
be  so  considerable,  because  the  pole  of  the  spheroid  passes 
his  meridian  at  some  distance  from  him.  If  the  spectator 
is  in  the  pole  of  the  Earth,  he  will  see  no  change,  because 
he  is  always  in  the  lowest  part  of  the  watery  spheroid. 

From  this  account  of  the  simplest  case,  we  may  infer, 
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that  the  depth  of  the  water,  or  its  chaoge  of  depth,  de- 
prads  entirely  on  the  shape  of  the  spheroid,  and  the  place 
of  it  occupied  by  the  observer. 

891.  To  judge  of  this  with  accuracy,  we  must  take  no- 
tice of  some  properties  of  the  ellipse  which  Ibrras  the  lAeri- 
dian  of  the  watery  spheroid.  Let  A  £  a  Q  (Fig.  46.)  re- 
present  this  elliptical  spheroid,  and  let  B  £  6  Q  be  the  in- 
scribed sphere,  and  AGaff  the  circumscribed  sphere. 
Also  let  D  F  d/*  be  the  sphere  of  equal  capacity  with  the 
spheroid.  This  will  be  the  natural  figure  of  the  ocean, 
undisturbed  by  the  gravitation  to  the  Sun. 

In  a  spheroid  like  this,  so  little  different  from  a  sphere, 
the  elevation  A  D  of  its  summit  above  the  equally  ci^- 
dous  sphere  is  veiy  nearly  double  of  the  depression  F  £ 
of  its  equator  below  the  surface  of  that  sphere.  For 
spheres  and  spheroids,  being  equal  to  J  of  the  circum- 
scribing cylinders,  are  in  the  ratio  compounded  of  the  ra- 
tio of  their  equators  and  the  ratio  of  their  axes.  There- 
fore, since  the  sphere  D  F  dj*  is  equal  to  the  spheroid 
A£aQ,  we  have  CF*XCD=CE*xCA,  and 
C£*:  CF*  =  CD:  CA.  Make  CE  :  CF  =  CF  :  C*, 
then  C£  :  Cor  =  CD  :  CA,  and  C£  :  £ar  =  CD  :  DA, 
and  C  E  :  C  D  =£  x  :  DA.  Now  C  £  does  not  differ 
sensibly  from  C  D  (only  eight  inches  in  near  4000  miles), 
therefore  £  x  may  be  accounted  equal  to  D  A  But  £  x 
is  not  sensibly  different  from  twice  £  F.  Therefore  the 
proposition  is  manifest. 

S9S.  In  such  an  elliptical  spheroid,  the  elevation  I  L  of 
any  point  I  above  the  inscribed  sphere  is  proportional  to 
the  square  of  the  cosine  of  its  distance  from  the  pole  A, 
and  the  depression  K  I  of  this  point  below  the  surface  of 
the  circumscribed  sphere  is  as  the  square  of  the  sine  of 
its  distance  from  the  pole  A.  Draw  through  the  point  I, 
HIM  perpendicular  to  C  A,  and  I  jp  N  perpendicular  to 
C  E.     The  triangles  C  I  N  and  p  I  L  are  similar. 
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Therefore  jp  I :  IL  =  CI :  IN,  »  nd, :  coi^  lU 

but  by  the  dlipse  AB  :/iI  =  AC  ;  IN,  =  nd. ;  coi.  ICA 

therefore  AB  :  IL  =  rad*  :  oot.'  ICA 

and  IL  is  always  in  the  pn^portion  of  cot.',  ICAt  ml  i> 

:=3s  AB  X  cos.%  ICA>  radius  being  =  1. 

In  like  manner,  HI  :  IK  =  C(  :  IM  =  rad. :  wl  ICA 

and  GE  :  HI  =  EC ;  IM  =  rad. :  mn.  ICA 

tbercfim  GE  :  KI  —  rad.* :  em.^  ICA 

and  KI  is  =  AB  X  sin.'  ICA. 

303.  We  mutt  only  know  the  elevations  and  depresnoos 
in  respect  of  the  natural  level  of  the  undisturbed  opsm. 
This  elevation  Cot  any  point  i  is  evidently  t  /  -*-  mZ  =  AB  x 
COS.*  f  C  A  —  i  AB  X  cos.'  i  C  A  -<—  ^9  and  the  dqpnearion 
fir  of  a  point  r  is  ibr-^  in  =  AB  x  sin.'  rCA  -^  |  AB, 
=  ABx  rin.«rCA  — §. 

It  will  be  convenient  to  employ  a  symbol  for  expresaiiig 
the  whole  difference  A  B  or  G  E  between  high  and  Ipw 
water  produced  by  the  actbn  of  .the  Sun.  Let  it  be  ex^ 
pressed  by  the  symbol  S.  Also,  let  the  angular  distance 
from  the  summit,  or  from  the  Sun^s  place,  be  «» 
The  elevation  m  i  is  =  S  x  cos.*  x  ^—  J  S. 
The  dcpresaon  nr  is  =  S  x  sin.*  a?  -^  |  S. 

S94.  The  spheroid  intersects  the  equicapacious  ^iiere  in 
a  point  so  situated,  that  S  X  cos.-  ^  ^^  ^  S  =r  0,  that  is» 
where  cos.*  «  s:  ^.  This  is  54^  44^  from  the  pole  of  tfie 
spheroid,  and  35^  16'  from  its  equator,  a  situalion  thst 
has  several  remarkable  physical  properties.  We  have  al- 
ready seen,  (328.)  that  on  this  part  of  the  surfaoe  th^  gra- 
vitation is  tbe  same  as  if  it  were  really  a  perfect  spbiere. 

395.  The  ocean  is  made  to  assume  an  eccentric  form, 
not  only  by  die  unequal  gravitation  of  its  waters  to  ti)^ 
Sun,  but  also  by  their  much  more  unequal  gravitation  to 
the  Moon ;  and  although  her  quantity  of  matter  is  rery 
small  indeed,  when  compared  with  the  Sun,  yet  beiiog  al- 
most 400  times  nearer,  the  inequality  of  gravitaiion  is  in- 
creased almost  400x400x400  times,  and  may  therefore 
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produoe  a  ioiiihle  effect*  We  cannot  help  presuming 
that  it  does,  becaase  the  vicissitudes  of  the  tides  have  a 
most  distinct  reiSsrence  to  the  position  of  the  Moon.  With* 
out  going  over  the  same  grou^  again,  it  is  plain  that  the 
waters  will  be  aocumuUted  i/nder  the  Moon,  and  in  the 
oppoute  part  of  the  spheroid,  in  the  same  manner  as  they 
are  aflfected  by  the  Sun's  action. 

Therefore,  let  M  represent  the  elevation  of  the  pole  of  the 
spheroid,  above  the  equicapacious  sphere  that  is  produced 
by  the  unequal  gravitation  to  the  Moon,  and  let  y  be  the 
angular  distance  of  any  part  of  this  spheroid  from  its  pole. 
We  shall  then  have 

The  elevation  of  any  point  =  M  x  oos.'^  —  ^  M. 
The  depression  =  M  x  tan?y  •—  §  M. 

996.  In  consequence  of  the  simultaneous  gravitation  to 
both  luminaries,  the  ocean  must  assume  a  form  differing 
from  both  of  these  regular  spheroids.  It  is  a  figure  of 
difficult  investigation ;  but  all  that  we  are  concerned  in 
may  be  determined  with  sufficient  accuracy  by  means  of 
the  following  considerations : 

We  have  seen,  that  the  change  of  figure  induced  on  the 
spheroidal  ocean  of  the  revolving  globe  is  nearly  the  same 
as  if  it  were  induced  on  a  perfect  sphere.  Much  more 
securely  may  we  say,  that  the  change  of  figure,  induced  on 
the  ocean  already  disturbed  by  the  Sun,  is  the  same  that 
the  Moon  would  have  occasioned  on  the  undisturbed  re- 
volving spheroid.      We  may  therefore  suppose,  without 


*  The  distance  of  the  Sun  being  about  392  times  that  of  the 
Mood,  and  the  quantity  of  uatter  in  the  Sun  about  338000  times 
tbst  in  the  Earth,  if  the  quantity  of  matter  in  the  Moon  were  equal 
to  that  in  the  Earth,  her  accumulating  force  would  be  178  times 
greater  than  that  of  the  Sun.  We  shall  see  that  it  is  nearly  ^\  times 
greater.  From  which  we  aliould  infer,  that  the  quantity  of  matter 
in  the  Moon  is  nearly  ,»f  of  that  in  the  Earth.  This  seems  the  best 
information  that  we  have  on  this  subject. 
Vol.  III.  X 
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any  sennble  error,  that  the  dumge  produced  in  any  put 
of  the  ocean  by  the  joint  action  of  the  two  luminaries  ii 
the  sum  or  the  difference  of  the  changes  which  they  would 
have  produced  separately. 

397.  Therefore,  since  the  poles  of  both  spheroids  are  in 
those  parts  of  the  ocean  which  have  the  Sun  and  the  Moon 
in  the  zenith,  it  follows,  that  if  x  be  the  zenith  distance  of 
the  Sun  from  any  place,  and  y  the  zenith  distance  of  the 
Moon,  the  elevation  of  the  waters  above  the  natural  sur- 
face of  the  undisturbed  ocean  will  be  S  x  cos.*  x  —  ^  S  + 
M  X  cos.^  ^  — -  ^  M.  And  the  depression  in  any  place 
will  be  S  X  sin.*  j:  —  §  S  +  M  X  sin.*  y  —  |  M.  This 
may  be  better  expressed  as  follows : 

Elevation    =  S  x  cos.*  j  +  M  X  co8.-y  —  J  S+M. 

Depresaon  =  S  x  sin.-  x  +  M  x  sm.*  y  —  J  S  +M. 

S98.  Suppose  the  Sun  and  Moon  to  be  in  the  same  part 
of  the  heavens.  The  solar  and  lunar  tides  will  have  the 
same  axes,  poles,  and  equator,  the  gravitations  to  each 
conspiring  to  produce  a  great  elevation  at  the  combined 
pole,  and  a  great  depression  all  round  the  common  equa- 
tor. The  elevation  will  be  §  S  -f  M,  and  the  depression 
will  be  J  S  4-  M.  Therefore  the  elevation  above  the  in- 
scribed sphere  (or  rather  the  spheroid  similar  and  sioular- 
ly  placed  with   the   natural   revolving  spheroid)  will  be 

sTm. 

399*  Suppose  the  Moon  in  quadrature  in  the  line  £DM 
(Fig.  47.)  It  is  plain,  that  one  luminary  tends  to  pro- 
duce an  elevation  above  the  equicapacious  sphere  AOBC, 
in  the  point  of  the  ocean  A  immediately  under  it,  where 
the  other  tends  to  produce  a  depression,  and  therefore  their 
forces  counteract  each  other.  Let  the  Sun  be  in  the  line 
£S. 


The  elevation  at     S  =  S  —  iS  +  M,  =  |S  —  JM. 
She  depression  at  M  =  S  —  §  S  +  M,  =  i  S  —  |  M. 
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The  devation  at  S  above  the  inBcribed  spheroid  =  S  — M. 
The  elefation  at  M  above  the  same  =  M  —  S. 

Hence  it  is  evident,  that  there  will  be  high  water  at  M 
or  at  S,  when  the  Moon  is  in  quadrature,  according  as  the 
accumulating  (orce  of  the  Moon  exceeds  or  falls  short  of 
that  of  the  Sun«  Now,  it  is  a  matter  of  observation,  that 
'when  the  Moon  is  in  quadrature,  it  is  high  water  in  the 
open  seas  under  the  Moon,  and  low  water  under  the  Sun, 
or  nearly  so.  This  observation  confirms  the  conclusion 
drawn  fiom  the  nutation  of  the  Earth^s  axis,  that  the  dis- 
turbing  force  of  the  Moon  exceeds  that  of  the  Sun.  This 
criterion  has  some  uncertainty,  owing  to  the  operation  of 
local  circumstances,  by  which  it  happens,  that  the  summit 
of  the  water  is  never  situated  either  under  the  Sun  or  un- 
der the  Moon.  But  even  in  this  case,  we  find  that  the 
high  water  is  referable  to  the  Moon,  and  not  to  the  Sun. 
It  is  always  six  hours  of  the  day  later  than  the  high  water 
at  full  or  change.  This  corresponds  with  the  elongation 
of  the  Moon  dx  hours  to  the  eastward.  The  phenomena 
of  the  tides  shew  further,  that,  at  this  time,  the  waters 
under  the  Sun  are  depressed  below  the  natural  surface  of 
the  ocean.  This  shews  that  M  is  more  than  twice  as  great 
asS. 

400.  When  the  Moon  has  any  other  position  besides 
these  two,  the  place  of  high  water  must  be  some  interme- 
diate position.  It  must  certainly  be  in  the  great  circle 
passing  through  the  simultaneous  places  of  the  two  lumi- 
naries. As  the  place  and  time  of  high  and  low  water,  and 
the  magnitude  of  the  elevation  and  depression,  are  the 
most  interesting  phenomena  of  the  Udes,  they  shall  be  the 
principal  objects  of  our  attention. 

The  place  of  high  water  is  that  where  the  sum  of  the 
elevations  produced  by  both  luminaries  above  the  natural 
surface  of  the  ocean  is  a  maximum.  And  the  place  of  low 
water,  in  the  great  circle  passing  through  the  Sun  and 
Moon,  is  that  where  tlie  depression  below  the  natural  level 
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of  the  ocean  is  a  maximum.  Therefore,  in  order  to  ban 
the  place  of  high  water,  we  must  find  where  S  X  ooa.*  x  + 
M  XcoB.*^  —  ^  !3  +  M  iaa  maximum.  Or,  gioce  ^S  +  M 
is  a  constant  quan^ty,  we  must  find  where  S  x  cos.' 2  + 
M  X  cos.-^  is  a  maximum.  Now,  accounting  the  tabular 
nnea  and  cosines  as  fractions  of  radius,  =  1,  we  have 
Cos.*  x=J  +  icos.  21 
and      '  CoB.*y^i  +  ^cos.  2y. 

Fwlet  ABSD  (Fig.  48.)  he  a  circle,  andAS,  BD 
two  diameters  crosMng  each  other  at  right  angles.  De- 
scrihe  on  the  semidiameter  CS  the  small  circle  CmSA, 
having  its  centre  in  d.  Let  H  C  make  any  angle  i  with 
C  S,  and  let  it  intersect  the  small  circle  in  A.  Draw  dh, 
S  A,  producing  S  h  till  it  meet  the  exterior  circle  in  t,  and 
jmn  At,  C*.  Lastly,  draw  h o  and  j  r  perpendicular  to 
CS. 

S  A  is  perpendicular  to  C  A,  and  C  S :  C  A  =  rsd. :  cos. 
HC8,andCS:Co=R*:cos.*HCS.  TheangleSC* 
is  evidently  =«SCH  =  S(/A  and  Ar=gCo.  Now, 
if  CSbe=l;  Cr  =  cos.-2x;  Ar^l  +  cos.  2«.  There. 
ftae Co=i+lco8.ix.  Inlikc manner, cos.^=j+^o)s.?y 
S        S  X  COS.  a  X        M 

Therefore  we  must  have  ^  +    g ■**  T  ''" 

Mx  008.2  V  I    .■        .L 

g — ^   a   maximum ;    or,   neglcctmg   the   constant 

S  X  COS. 8 X  +  M  X COB.  iy  a  maximum. 

Let  ABSD  (Gg.  48.)  be  now  a  great  circle  of  ihe 
Earth,  paasing  through  those  points  S  and  M  uf  its  surface 
which  have  the  Sun  and  the  Moon  in  the  zenith.  Draw 
the  diameter  S  C  A,  and  cross  it  at  right  angles  by  B  C  D. 

PI  d  d  as  the  accumulating  force  of  the  Moon 
ulating  force  of  the  Sun,  that  is,  as  M  to  S, 
Ttion  we  suppose  known.  Draw  C  M  in  the 
lie  MoonS  place.  It  will  cut  the  small  circle 
1 
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in  flome  point  m,  Jcnn  m  a.  Let  H  be  any  pcnnt  of  the 
surface  of  the  ocean.  Draw  C  H,  cutting  the  small  circle 
in  A,  Draw  the  diameter  h  dh\  Draw  m  t  and  a  x  per- 
pendicular  to  hh'y  and  ay  parallel  to  A  h\  and  join  m  cL 
Also  draw  the  chords  m  h  and  mh\ 

In  this  oonstructiony  m  d  and  da  represent  M  and  S,  the 
an^  M  C  H  =y,  and  S  C  H  =  x.  It  is  farther  mani* 
festthat  the  angle  mdh  =  2mChy  =2yf  and  that  di 
=  Mxcos.2y.  In  like  manner,  hdS  =2HCS,  =2 
X,  and  dx  =  dax cos. 2 x,  =  S  x cos. 2 x.  Therefore  i x 
=Sxco6.  2j;4-M  X  co6. 2^.  Moreover  tx  =  at/y  and  is 
a  maximum  when  a^  is  a  maximum.  This  must  happen 
when  ay  coincides  with  anif  that  is,  when  hd  is  parallel 
to  am. 

Hence  maj  be  derived  the  following  construction  : 

Let  A  M  S  (fig.  49.)  be,  as  before,  a  great  circle,  whose 
plane  passes  through  the  Sun  and  the  Moon.  Let  S  and 
M  be  those  points  which  have  the  Sun  and  the  Moon  in 
the  zenith.  Describe,  as  before,  the  circle  C  m  S,  cutting 
C  M  in  m.  Make  S  d :  da=  M  :  S,  and  join  m  a.  Then, 
for  the  place  of  high  water,  draw  the  diameter  hdK  paral- 
lel to  m  a,  cutting  the  circle  C  m  S  in  A.  Draw  C  A  H, 
cutting  the  surface  of  the  ocean  in  H  and  H'.  Then  H 
and  H'  are  the  places  of  high  water.  Also  draw  C  A',  cut- 
ting the  surface  of  the  ocean  in  L  and  L^  L  and  U  are 
the  places  of  low  water  in  this  circle. 

For,  drawing  tn  t  and  a  a:  perpendicular  to  A  A',  it  is 
plain  that  ta:  =  'MX  cos.  2^.-f  S  x  cos.  2  x.  And  what 
was  just  now  demonstrated  shews  that  t  x  is  in  its  maxi- 
mum state.  Also,  if  the  angle  L  C  S  =  w,  and  L  C  M  = 
Zy  it  is  evident  that  dx  =  Sx  cos.  a  d  or,  =  S  x  cos.  h'  d  S, 
=  S  X  cos.  2  A'  C  S,  =  S  X  cos.  2  L  C  S,  =  S  x  cos.  2  w ; 
and,  in  like  manner,  ^  d  =  M  x  cos.  2  z ;  and  therefore  t  x 
=  S  X  cos.  2  tt  -f  M  X  COS.  2  ;r,  and  it  is  a  maximum. 

It  is  plain,  independent  of  this  construction,  that  the 
places  of  high  and  low  water  are  90®  asunder ;  for  the  two 
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hemispheres  of  the  ocean  must  be  anular  and  equal,  and 
the  equator  must  be  equidistant  ftom  its  poles. 

401 .  Draw  df  perpendicular  to  m  a.  Then,  if  d  S  be 
taken  to  represent  the  whole  ude  produced  by  the  Moon, 
that  is,  the  whole  difference  in  the  height  of  high  and  low 
water,  m  a  will  represent  the  compound  tide  at  H,  or  the 
difference  between  high  and  low  water  corresponding  to 
that  situation  of  the  place  H  with  respect  to  the  Sun 
and  Moon,  mf  will  be  the  part  of  it  produced  by  the 
Moon,  and  a/* the  part  produced  by  the  Sun. 

For  the  elevation  at  H  above  the  natural  level  is  S  x 

co8.*ap — }  4-  M  X  co8.*y  —  f,  and  the  depression  below  it 
at  L  is  Sxsin.*M — |  -f-  M  x  sin.*;? — §.  But  on.^v  = 
cos.'x,  and  sin.*  2  =  cos.*  y.  Therefore  the  depres^on  at 
L  is  S  X  cos.*x  —  1  +  M  X  cos.*y  —  |.  The  sum  of  these 
makes  the  whole  difference  between  high  and  low  water^  or 
the  whole  tide.     Therefore  the  tide  is  =  S  x  2cos.'jr— 1 

+  Sf  X  si cos.*y  —  1.  But  2  cos.*  x —  1  =  cos.  2  x,  andS 
cos.*y  —  1  =  cos.  2y.  Therefore  the  tide  =  S  x  cos.  2  x 
+  M  X  cos.  2y.  Now  it  is  plain  that  fnf=  m  (2  cos.  drn^ 
and  that  the  angle  d mf=  mdhj  =2mChf=  2y.  There- 
fiare  mdx  cos.  dmj'=  M  X  cos.  2  y.  In  like  manner  af 
=  S  X  COS.  2  X. 

The  point  a  must  be  within  or  without  the  circle  C  m  S, 
according  as  M  is  greater  or  less  than  S,  that  is,  according 
as  the  accumulating  force  of  the  Moon  is  greater  or  less 
than  that  of  the  Sun.  It  appears  also  that,  in  the  first 
case,  H  will  be  nearer  to  M,  and  in  the  second  case,  it  will 
be  nearer  to  S. 

Thus  have  we  ^ven  a  construction  that  seems  to  express 
all  the  phenomena  of  the  tides,  as  they  will  occur  to  a  spec- 
tator placed  in  the  circle  passing  through  those  points  which 
have  the  Sun  and  Moon  in  the  zenith.  It  marks  the  dis- 
lance  of  high  water  from  tliose  two  places,  and  therefore, 
e  luminaries  are  in  the  equator,  it  marks  the  time  that 
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inll  dqw  between  the  pas8if;e  of  the  Sun  or  Moon  over 
the  meridian,  and  the  moment  of  Ugh  water.  It  also  ex- 
preawa  the  whcde  height  of  the  tide  of  that  day.  And,  as 
the  point  H  mi^  be  taken  inthout  any  reference  to  hi^ 
water,  we  diall  then  obtain  the  state  of  the  tide  for  that 
boor,  when  it  is  high  water  in  its  proper  place  H.  By 
oon^dering  this  construction  for  the  different  relative  pon- 
tions  of  the  Sun  and  Moon,  we  diall  obtain  a  pretty  dis- 
tinct  notion  of  the  series  of  phenomena  which  proceed  in 
regular  order  during  a  lunar  month. 

402.  To  obtain  the  greater  umplici^  in  our  first  and    * 
most  general  conclusions,  we  shall  first  suppose  both  lumi- 
naries in  the  equator.    Abo,  abstracting  our  attaitionivom     r' 
the  annual  motion  of  the  Sun,  we  shall  ocmsider  only  the 
relative  motion  of  the  Moon  in  her  synodical  revohition,     \ 
stating  the  phenomena  as  they  occur  when  the  Moon  has 
got  a  certain  number  of  degrees  away  from  the  Sun ;  and 
we  shall  always  suppose  that  the  watery  spheroid  has  at- 
tained the  form  suited  to  its  equilibrium  in  that  situation 
of  the  two  luminaries.     The  conclusions  will  frequenfly 
differ  much  from  common  observation.     But  we  shall  af- 
terwards find  tiieir  agreement  very  satisfEU^tory.    The  readp 
er  is  therefore^  expected  to  go  along  witii  the  reasoning  em- 
ployed in  tills  discusfflon,  although  the  conclusions  may  fire*        , 
quentiy  surprise  him,  being  very  different  Trom  his  most 
familiar  observations. 

.  408.  1.  At  new  and  full  Moon,  we  shall  have  high 
water  at  noon,  and  at  midnight,  when  the  Sun  .and  Moon 
are  on  the  meridian.  For  in  this  case  C  M,  am,  C  S,  dA, 
C  H,  all  coincide. 

404.  S.  When  the  Moon  is  in  quadratiue  in  B,  the 
place  of  high  water  is  also  in  B,  under  tiie  Moon,  and  this 
happens  when  the  Moon  is  on  the  meridian.  For  when 
M  C  b  perpendicular  to  C  S,  the  pdint  m  coincides  with  C, 
a  m  with  a  C,  and  d  h  with  d  C. 

405.  S.^  While  the  Moon  passes  &om  a  syzigy  to  the 
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next  quadrature,  the  place  of  high  wat^  follows  the  Moon'i 
place,  keeping  to  the  westward  of  it  It  oTcrtakcs  the 
Moon  in  the  quadrature,  gets  to  the  eastward  of  the  Mooo, 
(as  it  is  represented  at  M^  H^,  by  the  same  constraetion), 
preceding  her  while  she  passes  forward  to  the  next  syngy^ 
in  A,  where  it  is  overtaken  by  the  Moon's  placa  For 
while  M  is  in  the  quadrant  SB,  or  A D,  the  point  A  is m 
the  arch  S  m.  But  when  M  is  in  the  quadrant  B  A  or 
D  S,  A'  is  without  or  beyond  the  arch  S  m*  (counted  eatt" 
ward  from  from  S.)  Therefore,  during  the  first  and  third 
quarters  of  the  lunation,  we  have  high  water  after  noon  or 
midnight,  but  before  the  Mogul's  southing.  But  in  the  second 
and  fourth  quarters,  it  happens  after  the  Moon^s  southing. 

406.  4.  Since  the  place  of  high  water  coincides  with 
the  Moon^s  place  both  in  syzigy  and  the  following  quadra- 
ture, and  in  the  interval  is  between  her  and  the  Sun,  it  fol- 
lows that  it  must,  dunng  the  first  and  third  quarters,  be 
gradually  left  behind,  for  a  while,  and  then  must  gun  on 
the  Moon's  place,  and  overtake  her  in  quadrature.  There 
must  therefore  be  a  certain  greatest  distance  between  the  place 
of  the  Moon  and  that  of  high  water,  a  certain  maximum  of 
the  angle  M  C  H.  This  happens  when  H'  C  S  is  exactly 
45^  For  then  ?tf  d  S  is  90^,  m  a  is  perpendicular  to  aS, 
and  the  angle  am' d  is  a,  maximum.    Now  am' d^zm* d h\ 

407.  When  things  are  in  this  state,  the  motion  of  high 
water,  or  its  separation  from  the  Sun  to  the  eastward,  is 
equal  to  the  Moon's  easterly  motion.  Therefore,  at  new 
and  full  Moon,  it  must  be*  slower,  and  at  the  quadratures 
it  must  be  swifter.  Consequently,  when  the  Moon  is  in 
the  octant,  45^  from  the  Sun,  the  interval  between  two  suc- 
cessive southings  of  the  Moon,  which  is  always  24**  50' 
nearly,  must  be  equal  to  the  interval  of  the  two  concomi- 
tant or  superior  high  waters,  and  each  tide  must  occupy 
12**  25',  the  half  of  a  lunar  day.  But  at  new  or  full 
lioon,  the  interval  between  the  two  successive  high  waters 
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408.  The  tide  day  must  be  equal  to  the  lunar  day  oaly 
when  the  high  walwis  in  the  octanta.  It  muit  be  diorter 
al  new  and  full  Ifoon,  and  while  the  Moon  is  pamng  fkam 
the  aeoond  octant  to  the  thirds  and  from  the  fourth  to  the 
first.  And  it  must  exceed  a  lunar  day  while  the  Moon 
passes  Snm  the  first  octant  to  the  second,  and  from  the 
third  to  the  fourth.  The  tide  day  is  always  greater  than  a 
solar  day,  or  twenty-four  hours.  For,  while  the  Sun  makea 
one  round  of  the  earth,  and  is  again  on  the  meridian,  the 
Moon  has  got  about  13^  east  of  him,  or  S  M  is  nearlj  13^ 
and  S  H  is  nearly  9^,  so  that  the  Sun  must  pass  the  meri» 
dian  about  86  or  86  minutes  befiMW  it  is  high  water.  Such 
is  the  law  of  the  dailj  retardation  called  the  priming  or 
lagging  of  the  tides.  At  new  and  full  Moon  it  is  neariy 
35',  and  at  the  quadratures  it  is  85',  so  that  the  tide  day 
at  new  and  full  Moon  is  24/^  35',  and  in  the  quadratures  it 
is  26^  SS*  nearly. 

Our  construction  gives  us  the  means  of  ascertaining  this 
circumstance  of  the  tides,  or  interval  between  two  succeed- 
ing full  seas,  and  it  may  be  thus  expressed : 

409.  The  synodical  motion  of  the  Moon  is  to  the  syno- 
dical  motion  of  the  high  water  as  m  a  to  fit/T  For,  take  a 
pcnnt  u  very  near  to  m.  Draw  ua  and  u  d,  and  draw  di 
parallel  to  ati,  and  with  the  centre  a,  and  distance  auj 
describe  the  arch  u  v,  which  may  be  considered  as  a  straight. 
Kne perpendicular  to  ma.  Then  u m  and  t  A  are  respect- 
ively equal  to  the  motions  of  M  and  H  (though  they  sub. 
tend  twice  the  angles.  The  angles  a  if  v,  d  ti  m,  are  equal, 
being  right  angles.  Therefore  muo  =  aui7,  =amrf, 
and  the  triangles  m  tr  v,  dmjl  are  umilar,  and  the  angles 
nam,  idh  are  equal,  and  therefore 

uv:ihzzma:hdf^fna:md 
um:uv=^  mdifnf 

therefore  umiih=s  ma: mf 

When  m  cojiicides  with  S,  that  is,  at  new  ot  (ultX  'Nlocn\^ 
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m  a  coincides  with  S  a,  and  my  with  S  d.  But  when  • 
coincides  with  C,  that  is,  in  the  quadratures^  m  a  coindda 
with  C  Oy  and  m/*with  C  d. 

410.  Hence  it  is  easy  to  see,  that  the  retardaiioo  of  the 
tides  at  new  and  full  Moon  is  to  the  retardation  in  the  qua- 
dratures as  C  a  to  S  a,  that  isasM  +  StoM  —  S. 

When  the  high  water  is  in  the  octant,  m  a  is  porpeodi- 
cular  to  S  a,  and  therefore  a  andy*  coincide,  and  the  syno- 
dical  motion  of  the  Moon  and  of  hi^  water  are  the  same, 
as  has  been  already  observed. 

Let  us  now  consider  the  elevadons  of  the  water,  and  the 
magnitude  of  the  tide,  and  its  gradual  variation  in  the 
course  of  a  lunation.     This  is  represented  by  the  line  mo. 

411.  This  series  of  changes  is  very  perceptible  in  our 
construction.  At  new  and  full  Moon,  m  a  coincides  vidi 
S  a ;  and  in  the  quadratures,  it  coincides  with  C  a.  There- 
fore, the  spring-tide  is  to  the  neap-tide  as  S  a  to  C  a,  that 
is,  as  M  +  S  to  M  —  S.  From  new  or  full  Mooa  the  tide 
gradually  lessens  to  the  time  of  the  quadrature.  We  also 
see  that  the  Sun  contributes  to  the  elevation  by  the  part 
af^  till  the  high  water,  is  in  the  octants,  for  the  pointy*iies 
between  971  and  a.  After  this,  the  action  of  the  Sun  dimi- 
nishes the  elevation,  the  point/ then  lying  beyond  a. 

41^.  The  momentary  change  in  the  height  of  the  whole 
tide,  that  is,  in  the  difference  between  the  high  and  low 
water,  is  proportional  to  the  sine  of  twice  the  arch  M  H. 
It  is  measured  by  dj*in  our  construction.  For,  let  fTiu  be 
a  given  arch  of  the  Moon'^s  synodical  motion,  such  as  a  de- 
gree. Then  m  t;  is  the  difference  between  the  tides  m  a 
and  u  a,  corresponding  to  the  constant  arch  of  the  Moon's 
momentary  elongation  from  the  Sun.  The  similarity  of 
the  triangles  muv  and  m c(/* gives  YLsmu:mv  =  md:df. 
Now  m  u  and  m  d  are  constant.  Therefore  mv  is  propcH:- 
tional  to  d/J  and  m  d :  d/'=  rad. :  sin.  d  mjy  =  sin.  «i  d  A, 
=  sin.2MCH. 

Hence  it  follows  that  the  diminution  of  the  tides  is  mo6t 
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npid  when  tbe  U^  witer  is  in  the  oetmtt.  This  will  be 
found  to  be  the  dilRsrenoe  between  the  twelfth  and  thir- 
teenth tides,  ^counted  fitmi  new  or  full  Moon,  and  between 
the  seventh  and  eighth  tides  after  the  qu'adratnrcsL  Ifmu 
be  taken  =  \  the  Moon^s  daily  dongation  fimn  the  Son, 
winch  is  6^  9(K  nearij,  the  rule  will  give,  with  su£ki^ 
accuracy,  i  the  difference  between  the  two  sopecior  or  the 
two  inferior  tides  immediately  succeeding.  It  does  not 
give  the  difeence  between  the  two  immediately  sucoeedU 
ing  tides,  because  they  are  altematdy  greater  and  lesser, 
as  will  appear  aftarwards. 

413.  EEaving  thus  given  a  representation  to  the  eye  ct 
the  various  drcumstanoes  of  these  phenomena  in  this  simple 
case,  it  would  be  propor  to  shew  how  aO  the  different  quan- 
tities  spoken  of  may  be  computed  arithmetically.  The 
simplest  method  for  this,  though  periiaps  not  the  most  ele- 
gant, seems  to  be  the  following : 

In  the  triangle  m  do,  the  two  rides  fit  d  and  <2  a  are  given, 
and  the  contained  angle  mda^  when  the  proportion  of  the 
forces  M  and  S,  and  the  Moon's  elongation  M  C  S  are  given. 
Let  this  angle  m  da  be  called  a.     Then  make  M  +  S : 

,        rr^  a— 6  -  11+6 

M  —  S  =  tan.,  a:  tan.  6.    Theny  =  — g— ,andj:=-g— . 

For  M  +  S  :  M-:-S  =  md+da:  md — do,  =  tao. 
mad  +  amd           mad  —  amd            2x  +  ftv 
5 •  ^*"**  — ^ 2 ^         5 •  ^* 

2x—2tf   _ 


■X — -y  =  tao.  j;-f-^:tan.  x — ^  =  tan.  a:  tan. 5.  Now 

jr+y  +  «— y  =  2  «  and  x  +y  —  x — tf  =  2  y.    There- 

a  +  b 
forea  +  &=:2xanda  —  6  =  2y,  and  ar=  ,   g   >andy=: 

a— 6 

414.  It  is  of  peculiar  importance  to  know  the  greatest 
separation  of  the  high  water  from  the  Moon.  This  hap* 
pens  when  the  high  water  b  in  the  octant.    In  this  situa> 


'^ 
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86:85sM  — S:M-f-&    ThcNftte 
864.85    85  — Sff 

It  may  ako  be  diwovwed  by  abaenring  die  greatest  ae- 

paratxmof  the  place  of  high  water  fiom  that  of  the  Mood^ 

or  the  elongatkm  of  the  Moon  when  the  tide-day  and  the 

lunar  day  are  equaL    In  this  caae  y  la  obaerred  to  be 

g 
nearly  120  30'.    Therefine  ^  =  m.Kfi^  andM:  =  5: 

2f  nearly. 

Thua  it  ajqpeara  that  all  these  methoda  ^ve  nearly  the 
same  reault,  and  that  we  may  adc^  6  to  S  aa  the  ratio  of 
the  two  disturbing  forces.  This  agrees  extremely  well  with 
the  i^enomena  of  nutation  and  precesaon. 

Instead  of  inferring  the  proportion  of  M  to  S,  from  the 
quantity  of  matter  in  the  Moon,  deduced  from  the  pheno^ 
mena  of  nutation,  as  is  affected  by  D^Alembert  and  La 
Place,  I  am  more  disposed  to  infer  die  .bums  of  the  Moon 
from  thia  determination  of  M :  S,  confirmed  by  so  many 
coincidences  of  different  phenomena.  Taking  6 : 2,18  as 
the  mean  of  those  determinations,  and  employing  the  ana- 
logy in  sect.  227,  we  obtain  for  the  quantity  of  matter  in 
the  Moon  nearly  ^j^^  the  Earth  being  1. 

If  the  forces  of  the  two  luminaries  were  equal,  there 
would  be  no  high  and  low  water  in  the  day  of  quadrature. 
There  would  be  an  elevation  above  the  inscribed  spheroid 

of  ^  M  -|-S  all  round  the  circumference  of  the  circle  passing 
through  the  Sun  and  Moon,  forming  the  ocean  into  an  ob- 
late spheroid. 

416.  Since  the  gravitation  to  the  Sun  alone  produces  an 
elevation  of  24^  inches,  the  gravitation  to  the  Moon  will 
raise  the  waters  68  inches ;  the  spring-tide  will  be  24^  -f- 
68,  or  82^  inches,  and  the  neap-tide  33|  inches. 

417.  The  proportion  now  adopted  must  be  conudered  as 
that  corresponding  to  the  mean  intensity  of  tbe  accumu- 
lating forces.   But  this  proportion  is  by  no  means  constant. 
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by  reasoQ  of  the  variation  in  the  distances  of  the  lumina- 
ries. Calling  the  Sun's  mean  distance  1000,  it  is  988  in 
January  and  1017  in  July.  The  Moon'^s  mean  distance 
being  1000,  she  is  at  the  distance  1055  when  in  apc^eo, 
and  945  when  in  perigeo.  The  acdon  of  the  luminaries  in 
producing  a  change  of  figure  varies  in  the  inverse  triplicate 
ratio  of  the  distances  (280.)  Therefore,  if  2  and  5  are 
taken  for  the  mean  disturbing  forces  of  the  Sun  and  Moon, 
we  have  the  following  measures  of  those  forces : 

Sun.  Moon, 

Apogean     1,901  4,258 

Mean  2, — -  5, 

Perigean     2,105  5,925 

Hence  we  see  that  M :  S  may  vary  from  5,925 : 1,901  to 
4,258  : 2,105,  that  is,  nearly  from  6 :  2  to  4  : 2. 

The  general  expression  of  the  disturbing  force  of  the 

Moon  will  beM  =  |Sx-j-x  —  where  D  and  d  express 

the  mean  distances  of  the  Sun  and  Moon,  and  a  and  %  any 
other  simultaneous  distances. 

The  solar  force  does  not  greatly  vary,  and  need  not  be 
much  attended  to  in  our  computations  for  the  tides.  But 
the  change  in  the  lunar  action  must  not  be  neglected,  as 
this  greatly  affects  both  the  Ume  and  the  height  of  the 
tide. 

418.  First,  as  to  the  times. 

1.  The  tide-day  following  spring-tide  is  24^  27^'  when 
the  Moon  is  in  perigeo,  and  24^  33^  wlien  she  is  in  apogeo. 

2.  The  tide-day  following  neap-tide  is  25^  15'  in  the  first 
case,  and  25^  40^  in  the  second. 

3.  The  greatest  interval  between  the  Moon's  southing 
and  high  water  (which  happens  in  the  octants)  is  39^  wlien 
the  Moon  is  in  perigeo,  and  &V  when  she  is  in  apogeo,  y 
being  9"  45'  and  15<'  15'. 

419.  The  height  of  the  tide  is  still  more  affected  by  the 
Moon's  change  of  distance. 

5 
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If  the  Moon  is  in  perigeo,  when  new  or  full,  the  npnog- 
tide  will  be  eight  feet,  instead  of  the  mean  springutide  of 
seven  feet.  The  very  next  spring-tide  will  be  no  more  thin 
six  feet,  because  the  Moon  is  then  in  apogeo.  The  neap^ 
tides,  which  happen  between  these  very  unequal  tides,  will 
be  regular,  the  Moon  being  then  in  quadrature,  at  her 
mean  distance. 

But  if  the  Moon  change  at  her  mean  distance,  the  sptii^ 
tide  will  be  regular,  but  one  neap-tide  will  be  four  feet,  and 
another  only  two  feet. 

We  see  therefore  that  the  regular  monthly  series  of 
heights  and  times  corresponding  to  our  construction  can 
never  be  observed,  because  in  the  very  same,  or  nearly  the 
same  period,  the  Moon  makes  all  the  changes  of  distance 
which  produce  the  effects  above  mentioned.  As  the  effect 
produced  by  the  same  change  of  the  Moon^s  distance  is  dif- 
ferent according  to  the  state  of  the  tide  which  it  affects,  it 
is  by  no  means  easy  to  apply  the  equation  arising  from  this 
cause. 

420.  As  a  sort  of  synopsis  of  the  whole  of  this  descrip- 
tion of  the  monthly  series  of  tides,  the  following  Table  by 
Bernoulli  will  be  of  some  use.  The  first  column  contains 
the  Moon's  elongation  S  M  (eastward)  from  the  Sun,  or 
from  the  point  opposite  to  the  Sun,  in  degrees.  The  se- 
cond  column  contains  the  minutes  of  solar  time  that  the 
moment  of  high  water  precedes  or  follows  the  Moon's 
southing.  This  corresponds  to  the  arch  H  M.  The  tiling 
column  gives  the  arch  S  H,  or  nearly  tlie  hour  and  minute 
of  the  day  at  the  time  of  high  water ;  and  the  fourth  co- 
lumn contains  the  height  of  the  tide,  as  expresssed  by  the 
line  m  a,  the  space  S  a  being  divided  into  1 000  parts,  as 
the  height  of  a  spring-tide.  Note  that  the  elongation  is 
supposed  to  be  that  of  the  Moon  at  the  time  of  her  south- 
ing. 
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SM 


HM 


Hour. 


ma 


0 

10 

80 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 


Minutes. 


11 

31* 

40 

45 

46 

404 

25 

>■ 
f 


0 


3 

i 

& 

25 

40a 

464 
45 
40 
31  i 
22 

IH 


|-      - 


..284 
-.58 

1.284 
2. — 
2.35 
3.134 
3.59i 
4.55 
6.— 
7.  5 

a  4 

8.461 
9.25 
10— 
10.31 
11.2 
11.31 
12— 


I 


1000 
987 
949 
887 
806 
715 
610 
518 
453 

429 

453 
518 
610 
715 
806 
887 
949 
987 
1000 


420.  It  is  proper  here  to  notice  a  drcumstance,  of  very 
general  observation,  and  which  appears  inconsistent  with 
our  construction,  which  states  the  hi^  water  of  neap-tides 
to  happen  when  the  Moon  is  on  the  meridian.  This  must 
make  the  high  water  of  neap-tides  ox  hours  later  than  the 
high  water  of  spring-tides,  suppoung  that  to  happen  when 
the  Sun  and  Moon  are  on  the  meridian.  But  it  is  uni- 
versally observed,  that  the  high  water  of  tides  in  quadra- 
ture is  only  about  five  hours  and  ten  or  twelve  minutes 
later  than  that  of  the  tides  in  sjzigy. 

Thu  is  owing  to  our  not  attending  to  another  drcum- 
stance, namely,  that  the  high  water  which  happens  in  sy- 
agy,  and  in  quadrature,  is  not  the  high  water  of  spring 
and  of  neap-tides,  but  the  third  before  them.     Thc^  cot- 
Vox;,  ///.  Y 
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respond  to  a  position  of  the  Moon  19^  westward  of  the  sy  ti- 
gy  or  quadrature,  as  will  be  more  particularly  noticed  after- 
wards. At  these  times,  the  points  of  high  water  are  13j 
west  of  the  sysigy,  and  29  west  of  the  quadratme,  as  ap- 
pears by  our  construction.  The  kintf  hours  ccxrrespcNid- 
ing  to  the  interval  are  exactly  S^  02',  which  is  nearly  5**  12" 
solar  hours. 

421 .  Hitherto  we  have  considered  the  phenom^ia  of  the 
tides  in  their  most  simple  state,  by  stating  the  Moon  aixl 
the  Sun  in  the  equator.     Yet  this  can  never   happen; 
that  is,  we  can  never  see  a  monthly  series  of  tides  nearJy 
corresponding  with  thb  situation  of  the  luminaries.    In 
the  course  of  one  month,  the  Sun  may  continue  within  six 
degrees  of  the  equator,  but  the  Moon  will  deviate  from  it, 
from  18  to  28  or  30  degrees.     This  will  greatly  affect  the 
height  of  the  tides,  causing  them  to  deviate  from  the  series 
expressed  by  our  construction.     It  still  more  affects  the 
time,  particularly  of  low  water.     The  phenomena  depend 
primarily  on  the  zenith  distances  of  the  luminaries,  and, 
when  these  are  known,  are  accurately  expressed  by  the 
construction.     But  these  zenith  distances  depend  both  ou 
the  place  of  the  luminaries  in  the  heavens,  and  on  the  la- 
titude of  the  observer.     It  is  difficult  to  point  out  the 
train  of  phenomena  as  they  occur  in  any  one  place,  be- 
cause the  figure  assumed  by  the  waters,  although  its  depth 
be  easily  ascertained  in  any  single  point,  and  for  any  one 
moment,  is  too  complicated  to  be  explained  by  any  gene- 
ral description.     It  is  not  an  oblong  elliptical  spheroid, 
formed  by  revolution,  excej)t  in  the  very  moment  of  new 
or  full  Moon.     In  other  relative  situations  of  the  Sun  and 
Moon,  the  ocean  will  not  have  any  section  that  is  circular. 
Its  poles,  and  the  position  of  its  equator,  are  easily  deter- 
mined.    But  this  equatorial  section  is  not  a  circle,  but  ap- 
proaches  to  an  elliptical  form,  and,  iu  some  cases,  is  an  ex- 
act ellipse.     The  longer  axis  of  this  oval  is  in  the  plane 
passing  through  the. Sun  and  Moon,  and  its  extremities 


99 

aii»  in  tl»  poittlt  of  km  mHUK  for  tUs  cMt,  ab  Aateitataiif 
by  mraooilraclMa.  teibovter  cm^pMbesthitagb  tl^ 
Qeiteof::tlieEKtlH  at  ki^tn^  witeiollier,'«Mi  l4 
cxtaimliei  an  the  paints' 4xf  tha  ikwrltar  wal^f.  M' 
tboie  tva  pQnl%  tiba  dapttMon  bekm  th#iMtiiral  le««('eiP 
the  ooeaa  it  al«a|fi^*tha  saiaa,  nonely,  ^  8Qm  of  th^ 
graat»9t  dapfcaAai  podiieed  by  eaeh  Imsiiiai^.  ■  It  iti 
sulgaoCad,  theiafere^  cnly^  the  chaagas  akimg  firtHA'te 
cli»ge.l»fdi.t««crtfa4SunM}Moc»:  =•;•;, 

Thai  it  appear^  that  tha  turfaee  of  the  ooeaiE^  hail-gife<i:.' 
rally  four  poles,  two  of  which  are  proliM  tit  protubiuMI^' 
and  two  of  them  are  compgaajcd  Thi»MkaaM  tietaM^ 
ably  the  case  when  the  Mbcm  is  in  qoa^rahnte,  and  thert 
is  then  a  ridge  all  rouad  that  eeetioii  irftlih  has  the  9iH 
and  Mooo  in  its  jdana.^  Thsl=iedl)o»  thMM^'tlife  fbiif' 
polas^  tapper  and  lowifer^ilii'die  place  of  hi|^  w&ter«tU'4iftir 
the  £arth^  and  the  section  pmpendieiilai^tb  the  axis  of  .Acl< 
is  the  place  of  low  water  in  aU  parts  of  the  Earth.        ^     '- 

Henoe  it  follows,  that  when  the  linMnarie»  ate  in  the' 
plane  of  the  Earth^s  equator,  the  two  depressed  pdes  of* 
the  watery  spheroid  coincide  with  the  poles  of  die  fiartk ; 
and  what  we  have  said  of  the.  tinves  of  high  lUid  low  wfdfeir,' 

■ 

and  the  other  states  of  the  tide,  are  exact  in  thdr  applica. ' 
timi.    But  the  heights  of  the  tides  are  diniliiiahed  as  w^  - 
recede  from  the  Earth^s  equator,  in  the  propdr^on  of  m^ 
dius  to  the  cosine  of  the  latitude.    In  all  other  situations 
of  the  Sun  and  Moon,  the  pfaisnoniena  vary  exceedingly, 
and  cannot  easily  be  shewn  in  a  regular  traiii.     The  posi- 
tion of  the  high  water  section  is  often  much  inolined  to  th^'* 
terrestrial   meridians,  so  that  the  inteWal   betl^eenthe 
transit  of  the  Moon  and  the  transit  of 'this  section  aeiKM* 
the  meridian  of  places  in  the'  scune  meftdiiini  ii  eften^Vety-' 
difRnent.     Thus,  on  middusiiDer  day,  &&pp6ie  the  M6on* 
in  her  last  quadrature,  and  in  the  node,  thei^fore 'i^^  the*' 
equator.    The  ridge  which  forms  high  water  lies  so  bUSiqtie' 
to  the 'meridians,  that  when  die  Mdon  arrives  at  the*'ineri* 
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4pD  ^t^mt  two  bpiir%  and  le  oov^ki  tke  narth  coHt  cf 
iliiWfwii  JEUme  U  h^plwnay  that  IK  Inro  no  tHrti^^ 
WDtMint  of  the  <tiai0ft  of  1^  initaCfin;££RBrent  pkwj  evw 
tjiVNifl^  we  dmild  kam  it  for ^  pntiwilar  dqr-  Hmw^ 
way  of  fivming  a  good  gueas  of  the  state  of  the  tidaa  h  to 
have  a  tefrcatnal  globe  befine  u%' aad  hsnng  marked  the 
fifKpen  of  the  hi9iiiaaiiet»  to  kp^  tape  roand  the^gbbe^ 
pasnng  through  theae  poiatt,  and.  then  to  mask  the  plaoe 
of.  high  water  on  that  line»  and  crast  it  with  an  aich  at 
nght  an^ea.  Thia  ia  the  line  of  high  water.  Or^  a  ea- 
CM^Mrhoop  may  faeipade»  cmnarrt  by  one  aenniagde,  Plaoe 
the cirdeeQ aa  to paaa  through  the  plaoea of  the  Sun  and 
i^foon^ .setting  |be  inteiaection  with  the  apmirircle  on  the 
Gpilculated  plaoe  of  high  water.  The  aemiebcle  ia  now  the 
line  of  bi^  initar>  and  if  this  armilla  be  hdd  in  its  pcesent 
pp^don^  while  the  £^obe  turns  once  round  within  it,  the 
suooesnon  of  tide»  or  the  regular  hour  of  high  water  Ar 
every  part  of  the  Earth  will  then  be  seen,  not  Tory  distant 
i^pom  the  truth. 

j^t  present,  in  our  endeavour  to  point  out  the  dnef  mo- 
difications of  the  tides  whidi  proceed  from  the  deoiination 
of  the  luminaries,  or  the  latitude  of  the  place  of  Ghservai- 
tion,  we  must  content  ourselves  with  an  apprazimation, 
wUch  shall  not  be  very  far  firom  the  truth.  It  will  be 
sufficiently  exact,  if  we  attend  only  to  the  Moon.  The 
effiscts  of  declination  are  not  much  affected  by  the  Bun, 
because  the  difference  between  the  declination  t>f  the  Moon 
and  that  of  the  pole  of  the  ocean  can  never  exceed  six  or 
seven  degrees.  When  the  great  circle  pe^ng  through  the 
Sun  and  Moon  is  much  inclined  to  the  equator  (it  may 
even  be  perpendicular  to  it),  the  luminaries  are  very  near 
each  other,  and  the  Moon^s  place  hardly  deviates  fiom  the 
line  di  high  water.  At  present,  we  shall  oonsido*  the  lu- 
nar tide  only. 

4JIS.  Let  N Q SE  (Fig.  50*)  represent  the  terraqneous 
globe,  NS  being  the  axis,  "EQ  X\\e  e(\>\sX0C)  «xA O  ^  tpt 
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tre.  Let  the  Moon  be  in  the  directicui  O  M,  having  the 
dediostion  B  Q.  Let  D  be  any  pomt  on  the  surface  of 
tfaeEarth,  and  C D L  its  parallel  of  latitude,  andNDS 
its  meridian.  Let  B'.  F  &'/be  the  elliptical  surface  of  the 
ocean,  having  its  pdes  B*  and  ft'  in  the  line  O  M.  Let 
jTO  F  be  its  equator. 

As  the  point  D  is  carried  along  the  parallel  C  D  L,  it 
will  pass  in  succession  through  all  the  states  of  the  tide, 
having  high  water  when  it  is  in  C,  and  in  L,  and  low  wa. 
ter  when  it  gets  into  the  intersection  d  of  its  parallel  C  L 
with  the  equator  fd  V  of  the  watery  spheroid.  Draw  the 
meridian  N  d  6  through  this  intersecUoo,  cutting  the  ter- 
restrial equator  in  G.  Then  the  arch  Q  6,  converted  into 
lunar  hodrs,  will  give  the  duration  of  ebb  of  the  superior 
tide,  and  6  E  is  the  time  of  the  subsequent  flood  of  the 
inferior  tide.  It  is  evident  that  these  are  unequal,  and  that 
the  whole  tide  6  Q  6,  consisting  of  a  flood-tide  6  Q  and 
ebb-tide  Q  G,  while  the  Moon  is  above  the  horizon  (which 
we  called  the  superior  /ufe),  exceeds  the  duiaUon  of  the 
whole  inferior  tide  G  E  G  by  four  times  G  O  (reckoned  in 
lunar  hours.) 

If  the  spheroid  be  supposed  to  touch  the  sphere  iny* 
and  F,  then  C  c'  is  the  height  of  the  tide.     At  L,  the 
h^ht  of  the  tide  is  L  L',  and  if  the  concentric  circle  L'  q 
be  described,  Oq  is  the  difference  between  the  superior 
and  inferior  tides. 

From  this  construcUon  we  learn,  in  general,  that  when 
the  Moon  has  no  declination,  the  duration  of  the  superior 
and  inferior  tides  of  one  day  are  equal  over  alt  the  Earth. 

423.  2.  If  the  Moon  has  declination,  the  superior  tide 
will  be  of  longer  or  of  shorter  duration  Uian  the  inferior 
tide,  according  as  the  Moon^s  declination  B  Q,  and  the  lati- 
tude C  Q  of  the  jdace  of  observadon  are  of  the  same  or  of 
difierent  denominations. 

424.  3.  When  the  Moon^s  declination  is  equal  to  the 
oolatitade  of  the  place  of  observation,  or  exceeds  \\.^  ^'dX. 
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is,  if  B  Q  is  equal  to  N  o^  or  exceeds  it,  there  will  be  only 
a  superior  or  inferior  tide  in  the  ooiffse  of  a  lunar  dij. 
For,  in  this  case,  the  parallel  of  the  place  of  obsemtdon 
will  pass  through^  or  between  N  and^  as  km. 

425.  4.  The  dne  of  the  arch  G  O  is  ^=  tan«  lat  x  tan. 
declin.  For  rad.  :  cot.  d  O  G  =  tan.  d  G  :  mn.  Q  O,  and 
sin.  G  O  =  taa.  <;  G  X  cot  £{  0  G.  Now,  d  G  is  the  lati- 
tude, and  d  O  G  is  the  oodeclination. 

426.  The  heights  of  the  tides  are  affected  in  the  same 
way  by  the  declination  of  the  Moon,  and  by  the  latitude 
of  the  j^ce  of  observation.  The  height  of  the  superior 
tide  exceeds  that  of  the  inferior,  if  the  Moon^s  declinaticm 
is  of  the  same  denomination  with  the  latitude  of  the  jdaoe, 
and  vice  versa.  It  often  happens  that  the  reverse  of  tbb 
is  uniformly  observed.  Thus,  at  the  Nore,  in  the  entry  to 
the  river  Thames,  the  inferior  tide  is  greater  than  the  su- 
perior, when  the  Moon  has  north  declination,  and  xAtc 
versd.  But  this  happens  because  the  tide  at  the  Nore  \% 
only  the  derivation  of  the  great  tide  which  comes  round 
the  north  of  Scotland,  ranges  along  the  eastern  coasts  cf 
Britain,  and  the  high  water  of  a  superior  tide  arrives  at 
the  Nore,  while  that  of  an  inferior  tide  is  formed  at  the 
Orkney  Islands,  the  Moon  being  under  the  horizon^ 

427.  The  height  of  the  tide  in  any  place,  occasioned  by 
the  action  of  a  single  luminary,  is  as  the  square  of  the  co- 
sine of  the  zenith  or  nadir  distance  of  that  luminary. 
Hence  we  derive  the  following  construction,  which  will  ex- 
press all  the  modifications  of  the  lunar  tide  produced  by 
declination  oc  latitude.  It  will  not  be  far  from  the  truth, 
even  for  the  compound  tide,  and  it  is  perfectly  exact  in  the 
case  of  spring  or  neap-tides. 

With  a  radius  C  Q  (Fig.  51.)  taken  as  the  measure  of 
the  whole  elevation  of  a  lunar  tide,  describe  the  circle 
E  P  Q/7,  to  represent  a  terrestrial  meridian,  where  P  and 
p  are  the  poles,  and  £  Q  the  equator.  Bisect  C  P  in  O, 
and  round  O  describe  the  circle  P  B  C  D.     Let  M  be  that 
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point  of  the  meridian  which  {its  tlie  Moon  in  the  zenith, 
and  let  Z  be  the  place  of  observation.  Draw  the  diameter 
Z  C  N,  cutting  the  small  circle  in  B,  and  MCm  cutting 
it  in  A.  Draw  A I  parallel  to  E  Q.  Draw  the  diameter 
B  O  D  of  the  inner  circle^  and  draw  IK,  G  H,  and  A  F 
perpendicular  to  BD.  Lastly,  draw  ID,  I  B,  AD,  AB, 
and  C I M',  cutting  the  meridian  in  M'. 

After  half  a  diurnal  revolution,  the  Moon  comes  into 
the  meridian  at  M%  ^nd  the  angle  M'  C  N  is  her  distance 
from  the  nadir  of  the  observer.  The  angle  I  C  B  is  the 
supplement  of  I  C  N,  and  is  also  the  supplement  of  I D  B, 
the  opposite  angle  of  a  quadrilateral  in  a  circle.  There- 
fore I D  B  is  equal  to  the  Moon^s  nadir  distance.  Also 
ADB,  being  equal  to  ACB,  is  equal  to  the  Moon^s  zenith 
distance.  Therefore,  accounting  DB  as  the  radius  of  the 
tables,  DF  and  DK  are  as  the  squares  of  the  cosines  of  the 
Moon^fl  zenith  and  nadir  distances;  and  since  PC,  or  DB, 
was  taken  as  the  measure  of  the  whole  lunar  tide,  DF 
¥rill  be  the  elevation  of  high  water  at  the  situation  Z  of 
the  observer,  when  the  Moon  is  above  his  horizon,  and 
D  K  is  the  haght  of  the  subsequent  tide,  when  the  Moon 
is  under  his  horizon,  or,  more  accurately,  it  is  the  height 
of  the  tide  seen  at  the  same  moment  with  D  F,  by  a  spec- 
tator at  z'  in  the  same  meridian  and  parallel.  (For  the 
subsequent  tide,  tliough  only  twelve  hours  after,  will  be  a 
little  greater  or  less,  according  as  they  are  on  the  increase 
ot  decrease.)  DF,  then,  and  DK,  are  proportional  to  the 
heights  of  the  superior  and  inferior  tides  of  that  day. 
Moreover,  as  A I  is  bisected  in  6,  F  K  is  bisected  in  H, 
and  D  H  b  the  arithmetical  mean  between  the  heights  of 
the  superior  and  inferior  tides.  Accounting  0  C  as  the 
radius  of  the  tables,  AG  is  the  sine  of  the  arch  AC,  which 
measures  twice  the  angle  M  C  Q,  the  Moon^s  declination. 
OG  is  the  cosine  of  twice  the  Moon's  declination.  Also 
the  angle  BO  G  is  equal  to  twice  the  angle  B  C  Q,  the  lati- 
tude of  the  observer.      Therefore  OH  =  cos.   2  decl. 
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X  COS.   2   lat. ;     and   D  H  =  D  O  +  O  H,   =  M  X 

1  +  C06.  2  decL  d  x  co8.  2  lat       _., .        ,        ^  ^t, 

— g .      This  value  of  toe  me- 

dium  tide  will  be  found  of  continual  use. 

This  construction  gives  us  very  distinct  concepdoDi  af 
all  the  modifications  of  the  height  of  a  lunar  tide,  proceed- 
ing from  die  various  declinations  of  the  Moon,  and  the  po- 
sition of  the  observer ;  and  the  height  of  the  oompound 
tide  may  be  had  by  repeating  the  construction  for  the  Sun, 
substituting  the  decUnation  of  the  Sun  for  that  of  the 
Moon,  and  S  for  M  in  the  last  formula.  The  two  eleva- 
tions being  added  together,  and  ^  M  +  S  taken  from  the 
sum,  we  have  the  height  required.  If  it  is  a  flpring-tide 
that  we  calculate  foi;,  there  is  scarcely  any  occasion  for  two 
operations,  because  the  Sun  cannot  tlien  be  more  than  six 
degrees  &om  the  Moon,  and  the  pole  of  the  spheroid  inll 
almost  coincide  with  the  Moon'^s  place.  We  may  now  draw 
some  inferences  from  this  representation. 

428.  1.  The  greatest  tides  happen  when  the  Mocm  is 
in  the  zenith  or  nadir  of  the  place  of  observation.  For  as 
M  approaches  to  Z,  A  and  I  approach  to  B  and  D,  and 
when  they  coincide,  F  coincides  with  B,  and  the  height  of 
the  superior  tide  is  then  =  M.  The  medium  tide,  how- 
ever, diminishes  by  this  change,  because  6  comes  nearer 
to  0,  and  consequently  H  comes  also  nearer  to  O,  and 
D  fl  is  diminished. 

If,  on  the  other  hand,  the  place  of  observatioo  be 
changed,  Z  approaching  to  M,  the  superior,  inferior,  and 
medium  tides  are  all  increased.  For,  in  such  case,  D  se- 
parates from  I,  and  DE,  DH,  and  DF  are  all  enlarged. 

429*  2.  If  the  Moon  be  in  the  equator,  the  superior 
and  inferior  tides  are  equal,  and  =  M  X  cos.^  lat.  For 
then  A  and  I  coincide  with  C  ;  and  F  and  K  coalesce  in 
t;  andDt  =  DB  x  cos.^  BDC,  =DB  xcos.«ZCQ. 

430.  S.  If  the  place  of  observation  be  in  the  equator, 
the  superior  and  inferior  tides  are  equal  every  where,  and 

& 
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are  =  M  x  ooe.*,  dedm.  C .  For  B  then  ooincidet  with 
C  ;  the  points  F  and  K  coincide  with  Q ;  and  P  G  = 
PC  X  00^*  C  PA,  =  M  X  COS.*  M CQ. 

4S1.  4.  The  superior  tides  are  greater  or  less  than  the 
inferior  tides,  according  as  Z  and  M  are  on  the  same  or  on 
opponte  sides  of  the  equator.  For,  by  taking  Q  Z'  on  the 
other  nde  of  the  equator,  equal  to  Q  Z,  and  drawing  Z'Car, 
cutting  the  small  circle  in  /i,  we  see  that  the  figure  is  urn- 
pljr  reversed.  The  magnitudes  and  proportions  of  the 
tides  are  the  same  in  either  case,  but  the  combination  is 
inverted,  and  what  belongs  to  a  superior  tide  in  the  one 
case  belongs  to  an  inferior  tide  in  the  other. 

4SS.  5.  If  the  colatitude  be  equal  to  the  Moon^s  de- 
dination,  or  less  than  it,  there  will  be  no  inferior  tide,  or 
no  superior  tide,  according  as  the  latitude  and  Moon^s  de- 
clination are  of  the  same  or  of  different  denominations. 
For  when  P  Z=:  M  Q,  D  coincides  with  I,  and  K  also 
coincides  with  I.  Also,  when  P  Z  is  less  than  M  Q,  D 
falls  below  I,  and  the  point  Z  never  passes  through  the 
equator  of  the  watery  spheroid.  The  low  water  mm 
(Fig.  50.)  observed  in  the  paraUel  A:  m  is  only  a  lower  part 
of  the  same  tide  k  V^  of  which  the  high  water  is  also  ob- 
served in  the  same  place.  In  such  situations,  the  tides  are 
very  small,  and  are  subjected  to  singular  varieties,  which 
arise  from  the  Moon^s  change  of  declination  and  distance. 
Such  tides  can  be  seen  only  in  the  circumpolar  regions. 
The  inhabitants  of  Iceland  notice  a  period  of  nineteen 
years,  in  which  their  tides  gradually  increase  and  diminish, 
and  exliibit  very  singular  phenomena.  This  is  undoubt- 
edly owing  to  the  revolution  of  the  Moon^s  nodes,  by  which 
her  declination  is  considerably  affected.  That  island  b 
precisely  in  the  part  of  the  ocean  where  the  effect  of  this 
is  most  remarkable.  A  register  kept  there  would  be  very 
instructive ;  and  it  is  to  be  hoped  that  this  will  be  done, 
as  in  that  sequestrated  Thule  there  is  a  zealous  astrono- 
mer, M.  Lievog,  furnished  with  good  instruments,  to  wVtfvav 
this  aeries  of  observation  has  been  recommended. 
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438.  6.  At  the  very  pole  theie  U  no  daily  tide.  But 
there  is  a  gradual  rise  and  tubsidenee  of  the  water  twke 
in  a  month,  by  the  Moon^s  dedining  on  both  ades  of  the 
equator.  The  water  is  lowest  at  the  pole  when  the  Hooo 
is  in  the  equator,  and  it  rises  about  twenty-atx  indies  when 
the  Moon  is  in  the  tropics.  Also,  when  her  asoen^Dg 
node  is  in  the  vernal  equinox,  and  she  has  her  greatest  de- 
clination, the  water  will  be  thirty  inches  above  its  lowot 
state,  by  the  action  of  the  Moon  alone. 

484.     7.  The  medium  tide  is,  as  has  already  been  ob- 

_        ,,     1 +C08.  Sded.  <[xoo8.  2  lat 
served,  =  M  x  -  g 

As  the  Moon's  declination  never  exceeds  30^,  the  coone 
of  twice  her  declination  is  always  a  positive  quantity,  snd 
never  less  than  ^.  When  the  latitude  is  less  than  45^,  the 
cosine  of  twice  the  latitude  is  also  positive,  but  negative 
when  the  latitude  exceeds  45^.  Attending  to  these  cir- 
cumstances, we  may  infer, 

435.  1.  That  the  mean  tides  are  equally  affected  by 
the  northerly  and  southerly  declinations  of  the  Mom. 

436.  S.  If  the  latitude  be  exactly  45'',  the  mean  tide 
is  always  the  same,  and  =  J  M.  For,  in  this  case,  BD  is 
perpendicular  to  P  C,  and  the  point  H  always  coincidee 
with  O.  This  is  the  reason  why,  on  the  coasts  of  France 
and  Spain,  the  tides  are  so  little  affected  by  the  declination 
of  the  luminaries. 

487.  8.  When  the  latitude  is  less  than  40^,  the  mean 
tides  increase  as  the  declination  of  the  Moon  diminishes. 
For  cosin.  2  lot,  being  then  a  positive  quantity,  the  for- 
mula increases  when  the  cosine  of  the  declination  of  the 
Moon  increases,  that  is,  it  diminishes  when  the  declination 
of  the  Moon  increases.  As  B  Q  diminishes,  G  oomes 
nearer  to  C,  and  H  separates  from  O  towards  B,  and  DH 
increases. 

But  if  the  latitude  exceed  45^,  the  point  H  must  fall 
between  O  and  D,  and  the  mean  tide  will  increase  as  the 
declination  increases. 


438.    5.  If  the  latitude  be  =  0,  the  point  H  ooiDcides 
with  G,  tnd  the  effect  of  the  Moon's  declination  it  then 
the  most  sensible.     The  mean  tide,  in  this  case,  is  M  ^ 
1  '^  COS.  8  dedin.  ^ 
2  • 

499.  Every  thing  that  has  been  determined  here  for  the 
lunar  tide  may  easily  be  accommodated  to  the  high  and 
low  water  of  the  compound  tide,  by  repeating  the  com^ 
putations  vnth  S  in  the  place  dT  M,  as  the  constant  coefll- 
dent  But,  in  general,  it  is  almost  as  exact  as  the  nature 
of  the  question  will  admit,  to  attend  only  to  the  lunar  tide. 
The  declination  of  the  real  summit  of  the  spheroid,  in  this 
case,  never  differs  from  the  declination  of  the  summit  of 
the  lunar  tide  more  than  two  d^rees,  and  the  correction 
may  be  made  at  any  time  by  a  little  reflection  on  the  sw 
multaneous  position  of  the  Sun.  What  has  been  said  is 
strictly  applicable  to  the  spring  tides. 

M  +  S— tide  i  sin.^dO  (Fig.  50.)  is  the  quantity  to  be 
added  to  the  tide  found  by  the  construction.  It  is  exact 
in  spring-tides,  and  very  near  the  truth  in  all  other  cases. 

The  sin.* dOis  = ^-^, For  sin.  dOG:  sin.  d 

cos.^decl.   ([ 

G  O  =  sin.  d  G :  sin.  d  O. 

Such,  then,  are  the  more  stm{4e  and  general  conse* 
quences  of  gravitation  on  the  waters  of  our  ocean,  on  the 
supposition  that  the  whole  globe  is  covered  with  water,  and 
Aai  the  ocean  always,  has  the  form  which  produces  a  per- 
feet  equilibrium  of  force  in  every  particle. 

404.  But  the  globe  is  not  so  covered,  and  it  is  clear  that 
there  must  be  a  very  great  extent  of  open  sea,  in  order  to 
produce  that  elevation  at  the  summit  of  the  spheroid  which 
corresponds  with  the  accumulating  force  of  the  luminaries. 
A  quadrant  at  least  of  the  ellipse  is  necessary  for  giving  the 
whole  tide.  With  less  than  this,  there  will  not  be  enough 
of  water  to  make  up  the  spheroid.  And,  to  produce  the 
full  daily  vicissitude  of  high  and  low  waler^  lluft  exletvX.  ^ 
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6ea  must  be  in  lon^tude.  An  equal  extent  in 
produce  the  greatest  elevaticm ;  but  it  will  not  produce  the 
series  of  heights  that  should  occur  in  the  ooume  of  a  Juiiir 
day.  In  confined  seas  of  small  extent,  such  as  the  Caspian, 
tUe  Euxine,  the  Baltic,  and  the  great  lakes  in  North  Ame- 
rica, the  tides  must  be  almost  insensible.  For  it  is  evident 
that  the  greatest  diflerence  of  height  on  the  shore  of  sodi 
confined  seas  can  be  no  more  than  the  deflection  from  tk 
tangent  of  the  arch  of  the  spheroid  contained  in  that  set. 
This,  in  the  Caspian  Sea,  cannot  exceed  seven  indies;  a 
quantity  so  small,  that  a  slight  breeze  of  wind,  setting  off 
shore,  will  be  sufficient  for  preventing  the  accumulanon, 
and  even  for  producing  a  depression.  A  moderate  breese, 
blowing  along  the  canal  in  St  James'^s  Park  at  London, 
raises  the  water  two  inches  at  one  end,  while  it  depresses  it 
as  much  at  the  other.  The  only  confined  seas  of  consider- 
able extent  are  the  Mediterranean  and  the  Red  Sea.  The 
first  has  an  extent  of  40°  in  longitude,  and  the  tides  there 
might  be  very  sensible,  were  it  on  the  equator,  but  being 
in  lat.  35  nearly,  the  effects  arc  lessened  in  the  proportion 
of  five  to  four.  In  such  a  situation,  the  phenomena  are 
very  different,  both  in  regard  to  time  and  to  kind,  from 
what  they  would  be,  if  the  Mediterranean  were  part  of  the 
open  ocean.  Its  surface  will  be  parallel  to  what  it  would 
be  in  that  case,  but  not  tJie  same.  This  will  appear  by  in- 
spection of  Fig.  51,  where  mrp  represents  the  natural  level 
of  the  ocean,  and  M  o  Q  represents  the  watery  spheroid, 
having  its  pole  in  M,  and  its  equator  at  Q.  S  *  may  re- 
present a  tide  post,  set  up  on  the  shore  of  Syria,  at  the  east 
end  of  the  Mediterranean,  and  G  o  a  post  set  up  at  the  Gut 
of  Gibraltar,  which  we  shall  suppose  at  present  to  be 
dammed  up.  When  the  Moon  is  over  M,  the  waters  of 
the  Mediterranean  assume  the  surface  ffrs,  parallel  to  the 
corresponding  portion  of  the  elliptical  surface  Q  o  M,  cross- 
ing the  natural  surface  at  r,  nearly  in  the  middle  of  its 
length.    Thus,  on  the  Syrian  coast,  there  is  a  considerable 
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elevation  of  the  waten,  and  at  Gibraltar,  there  is  a  consi- 
derable dqnresflion..  In  the  middle  of  the  length,  the  water 
is  at  its  mean  height.    The  water  of  the  Atlantic  Ocean, 
a9  open  and  extensiTe  sea,  assumes  the  surfieu^  of  the  equi- 
librated spheroid,  and  it  stands  considerably  higher  on  the 
outside  of  the  dam,  as  is  seen  by  G  o,  than  on  the  inside, 
as  expressed  by  G^.    It  is  nearly  low  water  within  the 
Straits,  while  it  is  about  ^  or  ^  flood  without     The  water 
has  been  ebbing  for  some  hours  within  the  Straits,  but 
flowing  lor  great  part  of  the  time  without.     As  the  Moon 
moves  westward,  toward  Gibraltar,  the  water  will  begin  to 
rise,  but  slowly,  within  the  Straits,  but  it  is  flowing  very 
fast  without.     When  the  Moon  gets  to  P,  things  are  re- 
versed.    The  summit  of  the  spheroid  (it  being  supposed  a 
spring-tide)  is  at  P,  and  it  is  nearly  high  water  within  the 
Straits,  but  has  been  ebbing  for  some  hours  without     It 
is  low  water  on  the  coast  of  Syria.     All  this  while,  the 
water  at  r,  in  the  middle  of  the  Mediterranean,  has  not  al- 
tered its  hdght  by  any  sennble  quantity.     It  wUl  be  high 
water  at  one  end  of  the  Mediterranean,  and  low  water  at 
the  other,  when  the  middle  is  in  that  part  of  the  general 
spheroid  where  the  surface  makes  the  most  unequal  angles 
with  the  vertical.     This  will  be  nearly  in  the  octants,  and 
therefore  about  If  hours  before  and  after  the  Moon's  south- 
ing (supposing  it  spring-tide). 

These  observations  greatly  contribute  to  the  explanation 
of  the  singular  currents  in  the  Straits  of  Gibraltar,  as  they 
are  described  by  different  authors.  For  although  the  Me- 
diterranean is  not  shut  up,  and  altogether  separated  from 
the  Atlantic  Ocean  at  Gibraltar,  the  communication  is  ex- 
tremely scanty,  and  by  no  means  sufficient  for  allowing  the 
tide  of  the  ocean  to  difiuse  itself  into  this  bason  in  a  regu- 
lar  manner.  Changes  of  tide,  always  difierent,  and  fre- 
quently quite  opposite,  are  observed  on  the  east  and  west 
nde  of  the  narrow  neck  which  connects  the  Rock  with 
Spain ;  and  the  general  tenor  of  those  changes  has  a  ver^ 
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^,^^9^,  Ihit  ezaaoj^  i^.W  evident  4p^ gm# -dffv^tions 
i^ljf.be  fvpected  19 1^  obdtvytfd  phwWQM./rf  ^  <id^ 
film  the  jmmpdiate  remljt|i.>of  t^^ajwipiii ijiphhrtiticted 
tfae0r;r»  aiul  yet  the  tbeoiy  mijif  be  fu^ 
-l4afKtion.of  them,  when  the  circapttapoi^^fiflo^aUaalkNi 
^^.pffjp^rly  oonadered.  .      .  t  rr  , 

. j40&..71ie  reel  vtiOe  9^  thipgt k mrhy.fJMfrthiw  a^e  wy 
few.  parte  of  the  tlV^an  where  the  tbeaqr  ^pn.  b^  applied 
without  very  greet  podificetkiu.  Ptefciye  tjie  greet  Paci^ 
fii^  Ocoeo  ia  die  only,  pert  of  the  tmaqxigmm  |^Mbe  inwhidb 
all  the  forces  have  room  to  operate.  When,  we.  connder 
the  terrestrial  globe  as  placed  before  the  acting  luminaries, 
which  have  a  relative  moUon  round  it  fiqm  east  to  west, 
and  consider  the  accumulation  of  the  waters  as^keeping  pace 
with  them  on  the  ocean,  we  must  see  that  the  tides  with 
which  we  are  most  familiarly  acquainted,  namely,  those 
which  visit  the  western  shores  of  Europe  and  Africa,  and 
the  eastern  shores  of  America,  must  also  be  irregular,  and 
be  greatly  diversified  by  the  situation  of  the  coasts.  The 
accumulation  on  our  coasts  must  be  iu  a  great  measure  sup- 
plied by  what  comes. from  the  Indian  and  £|hi<^nc  Ocean 
from  the  eastward,  and  what  is  brought,  or  kept  back, 
from  the  South  Sea ;  and  the  accumulation  must  be  di£. 
fused,,  as  fn^n  a  ooUection  coming  roundthe  Cape  of  Good 
Hope,  and  round  Cape  Horn.  Accordingly,  the  propega- 
tion  of  high  water  i^  entirely  oonsonapt  with  such  a  suppo- 
sitipQ.     It  is  high  water  at  the  Cape  of  Goc^  Hope  about 
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three  o'clock  at  new  and  full  moon,  and  it  happens  later 
and  later,  as  we  proceed  to  the  northward  along  the  coast 
of  Afbca ;  later  and  later  still  as  we  follow  it  along  the 
west  coasta  of  Spain  and  France,  till  we  get  to  the  mouth 
of  the  English  Channel.  In  short,  the  high  water  proceeds 
along  those  shores  just  hke  the  top  of  a  wave,  and  it  may 
be  fioUowed,  hour  after  hour,  to  the  different  harbours 
akng  the  coast.  The  same  wave  continues  its  progress 
northwards  (for  it  seems  to  be  the  only  supply),  part  of  it 
going  up  St  George's  Channel,  part  going  northward  by 
the  west  side  of  Ireland,  and  a  branch  of  it  going  up  the 
English  Channel,  between  this  island  and  France.  What 
goes  up  by  the  east  and  west  sides  of  Ireland  unites,  and 
proceeds  still  northward,  along  the  western  coasts  and 
islands  of  Scotland,  and  then  diffuses  itself  to  the  eastward, 
toward  Norway  and  Denmark,  and,  circling  round  the 
eastem  coasts  of  Britain,  comes  southward,  in  what  is  call- 
ed the  Grerman  Ocean,  till  it  reaches  Dover,  where  it  meets 
with  the  branch  which  went  up  the  English  Channel. 

406.  It  is  remarkable  that  this  northern  tide,  after  hav- 
ing made  such  a  circuit,  is  more  powerful  tlian  the  branch 
which  proceeds  up  tlie  English  Channel.  It  reaches  Dover 
about  a  quarter  of  an  hour  before  the  southern  tide,  and 
forces  it  backwards  for  half  an  hour.  It  must  also  be  re- 
marked, that  the  tide  which  comes  up  channel  is  not  the 
same  with  the  tide  which  meets  it  from  the  north,  but  is  a 
whole  tide  earlier,  if  not  two  tides.  For  the  spring.tide  at 
Rye  is  a  tide  earlier  tlian  the  spring-tide  at  the  Nore.  It 
eveo  seems  more  nearly  two  tides  earlier,  appearing  the  one 
as  often  as  the  other.  This  may  be  better  seen  by  tracing 
the  hour  of  high  water  from  the  Lizard  up  St  George's 
Channel  and  along  the  west  coasts  of  Scotland.  Now  it  is 
▼ay  clear  that  the  superior  tide  at  the  Orkney  islands  is  si- 
multaneous with  the  inferior  tide  at  the  mouth  of  the 
Thames.  It  is  therefore  most  probable  that  the  Orkney 
is  at  least  one  tide  later  than  at  the  Lizard.  The  whole 
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of  this  tide  u  very  anomalous,  eqieciaUy  after  gettiBf  tothe 
Orkneys.  It  is  a  derivatiye  from  the  great  tide  of  tbeopen 
sea,  which  being  very  distant,  is  subjected  to  the  indueooe 
of  hard  gales,  at  a  distance,  and  frequently  miBlBe  what  is 
going  on  upon  our  coasts. 

407.  A  similar  progress  of  the  sube  high  water  firamthe 
southward  b  observed  aloi^  the  astern  aborea  of  South 
America.  But,  after  pasnng  Bnuril  and  Surinam,  the  At- 
hntic  Ocean  becomes  so  wide  that  the  effect  of  this  In^ 
water,  as  an  adventitious  thing  supplied  from  the  sontb- 
ward,  is  not  so  senttUe,  because  the  Atlantic  itself  is  ncnr 
extensive  enough  to  contribute  greatly  to  the  formatioaof 
the  regular  sphercnd.  But  it  contributes  chiefly  by  abstne- 
don  of  the  waters  from  the  American  side,  while  the  aocu- 
mulation  is  forming  on  the  European  aide  of  the  Atkotic. 
By  studying  the  suocesnve  hours  6[  high  water  along  the 
western  coasts  of  Africa  and  Europe,  it  appears  that  it 
takes  nearly  two  days,  or  between  four  and  five  tides,  to 
come  from  the  Cape  of  Good  Hope  to  the  moudi  of  the 
English  Channel.     This  remark  is  of  peculiar  importance. 

408.  Few  observations  have,  as  yet,  been  made  puUic 
concerning  the  tides  in  the  Great  Pacific  Ocean.  They 
must  exhibit  phenomena  considerably  difierent  from  what 
are  seen  in  the  Atlantic.  The  vast  stretch  of  unintemipt^ 
ed  coast  from  Cape  Horn  to  Cook's  Straits,  prevents  all 
supply  from  the  eastward  for  making  up  the  spheroid.  So 
far  as  we  have  information,  it  appears  that  the  tides  are 
very  unlike  tiie  European  tides,  till  we  get  M**  or  50°  west 
from  the  coast  of  America.  In  the  neighbourhood  of  that 
coast,  there  is  scarcely  any  inferior  tide.  Even  in  the 
middle  of  the  vast  Pacific  Ocean  the  tides  are  very  small, 
but  abundantly  regular. 

409.  The  setting  of  the  tides  is  afiectcd,  not  only  by  the 
form  of  the  shores,'  but  also  by  the  inequalities  which  un- 
doubtedly obtain  in  the  bottom  of  the  ocean.  A  deep  and 
long  valley  there  will  give  a  direction  to  the  waters  wluch 
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manre  akw  it,  evM  «ltlioii|^  tbey  fitf  mrertop  the  higher 
pert!  OB  esch  side^  just  m  ve  oboenre  the  wiiid  fiaUow  the 
count  of  the  ndkja.  This  directioii  of  the  undennoet 
mfeerB  affecto.thoie  tiMit  iow  above  them,  ia  oqnaequeiiee 
of  the  mntnal  edhwioii  of  the  iilamenti ;  end  thus  the  whole 
atreflsn  is  deflected  fiom  the  difectioa  winch  it  wjould.haTe 
taken,iMd  dK  ground  been  even.  By  audi  deflections  the 
path  is  hH^thancdf  and  the  time  ai  its  reachii^  a  otr- 
tatn  place  is  protcacted ;  and  tins  produces  other  deviations 
from  the  cakulatkms  by  the  simple  theory. 

446.  These  peculiarities  in  the  bed  or  channel  also  great- 
ly affect  the  hmg^t  of  the  tides.   When  a  wave  of  a  certain 
•magmlude  enters  a  channd,  it  has  a  certiin  quantity  of 
motion,  measured  bythequantityof  water  and  its  velocity. 
If  the  diannel,  kespiii^  the  same  depth,contnict  in  its  width, 
the  water,  keeping  for  a  while  its  JDomentum,  must  increase 
its  velocity,  or  its  depth,  or  both.  And  thus  it  may  hqipen 
that,  although  the  greatest  devation  produced  by  the  joint 
actioii  o(  the  8un  and  Moon  in  the  opea  sea  does  not  ex- 
ceed eight  or  nine  feet,  the  tide  in  some  singular  situatioos 
may  mount  ooomderably  higher.     It  seems  to  be  owing  to 
this  that,  the  high  water  of  the  Atlantic  Ocean,  which  at 
St  Helena  does  not  exceed  four  or  five  feet,  setting  in 
obliquely  on  the  coast  of  North  America,  ranges  along  that 
coast,  in  a  channel  gradually  narrowing,  till  it  is  stopped 
in  the  Bay  of  Fundy  as  in  a  hook,  and  there  it  heaps  up  to 
an  astonishing  degree.     It  sometimes  rises  120  feet  in  the 
harbour  of  Anapolis-Royal.     Were  it  not  that  we  see  in- 
stances of  as  strange  effects  of  a  sudden  check  given  to  the 
motion  of  water,  we  should  be  disposed  to  think  that  the 
theory  is  not  adequate  to  the  explanation  of  the  pheno- 
mena.    But  the  extreme  disparity  that  we  may  observe  in 
{daces  very  near  eadi  other,  and  which  derive  their  tide 
from  the  very  same  tide  in  the  open  sea,  .must  convince  us 
that  such  anomalies  do  not  impugn, the  general  principle, 
Vol.  III.  Z 
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altbougfa  we  should  never  be  able  ftdly  to  aooonnt  &r  the 
duciepeiicj. 

447.  Nothiag  cauns  io  much  irr^gulirhj  in  the  tkfa 
the  Inflection  of  the  tide  from  flhoie  to  ■hore.    Ifepen- 
duluni)  while  i^brating,  leodvee  little  impuleeiy  at  iitarfab 
that  are  alwajrs  the  same,  and  Teiy  nearly  equal  to  ita  owa 
▼ibrationBi  or  even  to  an  aliquot  part  of  them,  the  ^faoh 
iions  may  be  increased  to  a  great  magnitude  after  scne 
time,  and  then  will  gradually  diminish,  and  thus  hacve  pe- 
riods of  increase  and  decrease.     So  it  happens  in  the  na- 
dulation  which  constitutes  a  tide.    The  atuation  of  the 
coasts  may  be  such,  that  the  time  in  which  this  unduktioB 
would,  of  itsdf,  play  backward  and  forward  firom '  dmre  to 
shore^  may  be  so  exactly  fitted  to  the  recurring  aetion  cf 
the  Moon,  that  the  succeeding  impulses,  always  added  to 
the  natural  undulation,  may  raise  it  to  a  height  akogetbcr 
disproportioned  to  what  the  action  of  the  Moon  can  pro- 
duce in  open  sea,  where  the  undulation  diflPuses  itsdf  to  a 
vast  distance.    What  we  see  in  this  way  should  snlBce  for 
accounting  for  the  great  hdght  of  the  tides  on  the  coasts  of 
continents.    Dan.  Bernoulli,  justly  thinking  that  the  ob- 
structions  of  yarious  kinds  to  the  movements  of  the  ocean 
should  make  the  tides  less  than  what  the  unobstructed 
forces  are  able  to  produce,  concluded,  from  the  great  tides 
actually  observed,  and  compared  with  the  tides  produdble 
by  the  Newtonian  theory,  that  this  theory  was  erroneous. 
He  thought  it  all  derived  from  Newton's  erroneous  idea  ai 
the  proportion  of  the  two  axes  of  the  terraqueous  ja^obe; 
which  mistake  results  from  the  supposition  of  primitive 
fluidity  and  uniform  density.     He  investigates  the  form  of 
the  Earth,  accommodated  to  a  nucleus  of  great  densitjr, 
covered  with  a  rarer  fluid,  and  he  thinks  that  he  has  de- 
monstrated that  the  height  of  the  tide  will  be  in  proportion 
to  the  comparative  density  of  this  nucleus,  or  the  rarity  of 
the  fluid.     This,  says  he,  alone  can  account  for  the  tides 
that  we  really  observe ;  and  which,  great  as  they  aie,  are 


tttmr  OF  TSV  TIDKS.  SB5 

certmnlj  only  a  port  of  what  tbej  would  be,  were  they  not 
so  much  obstnu^ted.  This  is  extremely  sptfckms^  and, 
eoming  ftom  an  eminent  mathematician,  has  oonstderable 
authority.  But  Ae  problem  of  the  figure  of  the  Earth  has 
been  examined  with  the  most  scrupubus  attention,  unoe 
the  days  of  M.  Bernoulli,  by  the  first  mathematicians  of 
Europe,  who  are  ail  perfeedy  agreed  in  their  deductions, 
and  confirm  that  of  Sir  Isaac  Newton.  They  have  also 
prcired,  and  we  apprdiend  that  it  is  sufficiently  estaUished 
in  art  4C0.  that  a  denser  nudeus,  instead  of  making  a 
greater  tide^  will  make  it  smaller  than  if  the  whole  globe 
be  of  one  denaty .  The  ground  of  BemouDi^s  mistake  has 
alao  been  clearly  pmnted  out  There  remains  no  other 
way  of  aeoonnting  for  the  great  tides  but  by  causes  such 
as  have  now  been  mentioned.  When  the  tides  in  the  open 
Pacific  Ocean  never  exceed  three  or  four  feet,  we  must  be 
convinced  that  the  extravagant  tides  observed  on  the  coasts 
of  great  continents  are  anomaUes ;  for  th^e,  the  obstruc- 
tions are  certunly  greater  than  in  the  open  sea.  We  must 
therefore  look  for  an  explanation  in  the  motions  and  colli- 
sions of  disturbed  tides.  These  anomalies  therefore  bring 
no  valid  objection  against  the  general  theory. 

448.  There  are  some  situations  where  it  is  easy  to  ex- 
pbun  the  deviations,  and  the  explanation  is  instructive; 
Suppose  a  great  navigable  river,  running  nearly  in  a  meri- 
dional direction,  and  falling  into  the  sea  in  a  southern 
coast.  The  high  water  of  the  ocean  reaches  the  mouth  of 
this  river  (we  may  suppose)  when  the  Sun  and  Moon  are 
together  in  the  meridian.  It  is  therefore  a  spring-tide  high 
water  at  the  mouth  of  the  river  at  noon.  This  checks  the 
stream  at  the  mouth  of  the  river,  and  causes  it  to  deepen. 
This  again  checks  the  current  farther  up  the  river,  and  it 
deepens  there  also,  because  there  is  always  the  same  quan- 
tity of  land  water  pouring  into  it.  The  stream  is  not  per- 
haps stopped,  but  only  retarded.  But  this  cannot  happen 
without  its  growing  deeper.     This  is  popagated  farther 
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and  fiurther  up  the  stmm,  and  it  ie  perodvad  at  a  greit 
distance  up  the  river.  But  this  requires  a  oonsideiaUe 
time.  Our  knowledge  in  hydraulics  is  too  imperfect  as 
yet  to  enable  us  to  say  in  what  number  of  hours  this  sen- 
able  check,  in^cated  by  the  smaller  ydodty^  and  gi«ater 
depth,  will  be  propagated  to  a  certain  distance.  We  may 
sufqpese  it  just  a  lunar  day  before  it  arrive  at  a  certain 
wharf  up  the  river.  The  Moon,  at  the  end  of  the  day,  is 
agun  on  the  meridian,  as  it  was  when  it  was  a  qning*tide 
at  the  mouth  of  the  river  the  day  before.  But,  in  this  in- 
terval, there  has  been  another  high  water  at  the  mouth  of 
the  river,  at  the  preceding  midnight,  and  there  has  just 
been  a  third  high  water,  about  fifteen  minutes  before  the 
Moon  came  to  the  meridian,  and  thirty-five  minutes  after 
the  Sun  has  passed  it  There  must  have  been  two  low  * 
waters  in  the  interval,  at  the  mouth  of  the  river.  Now,  in 
the  same  way  that  the  tide  of  yesterday  noon  is  propagated 
up  the  stream,  the  ude  of  midnight  has  also  proceeded  up- 
wards. And  thus,  there  are  three  coexistent  high  waters 
in  the  river.  One  of  tliem  is  a  spring-tide,  and  it  is  far 
up,  at  the  wharf  above  mentioned.  The  second,  or  the 
midnight  tide,  must  be  half  way  up  the  river,  and  the  third 
is  at  the  mouth  of  the  river.  And  there  must  be  two  low 
waters  intervening.  The  low  water,  that  is,  a  state  of  the 
river  below  its  natural  level,  is  produced  by  the  passing  low 
water  of  the  ocean,  in  the  same  way  that  the  high  water 
was.  For  when  the  ocean  falls  below  its  natural  level  at 
the  mouth  of  the  river,  it  occasions  a  greater  declivity  of 
the  issuing  stream  of  the  river.  This  must  augment  its 
velocity-— this  abstracts  more  water  from  the  stream  above, 
and  that  part  also  sinks  below  its  natural  level,  and  gives  a 
greater  declivity  to  the  waters  behind  it,  &c.  And  thus  the 
stream  is  accelerated,  and  the  depth  is  lessened,  in  succes- 
sion, in  the  same  way  as  the  opposite  efiects  were  produced. 
We  have  a  low  water  at  difierent  wharfs  in  succesaon,  just 
as  wc  had  the  high  waters. 


••■'-.  .ft 

449l^Tlii8  fltete  of  ibmgs,  wbich  must  be  fiunilttdy 
kmnm  tx»  all  who  lutTe  paid  anyatteDtkni  to  these  mfltten, 
being  seen  in  almoet  eveiy  rirer  wbich  opens  into  a  tide 
way,  ffiVts  us  ttemost  dutioct  notion  of  Ae  ttechanism  of 
the  ^es.  l%e  daily  retoniing.  tide  is  nodung  but'an  un- 
dulatibn  or  wave,  erated  and  maintained  by  the  action  of 
the  Stm  and  Moon.  It  is  a  great  mistake  to  tmi^pne  that 
we  cannot  hare  high  water  at  London  Bridge  (ibrexianple) 
unless  the  water  be  raised  tathat  level  all  the  way  from  the 
mouth  of  the  Thames.  In  maiqF  places  that  are  finr  Aoa^ 
the  sea,  the  stream,  at  the  moment  of  high  water,  is  down 
the  rhrer,  and  sometimes  it  is  oonttderahle.  At  Qndbee, 
it  runs  downward  at  least  three  miles  per  hour.  There- 
fore the  water  b  not  heaped  up  io  the  level ; ;  for  theie  is 
no  stream  without  a  declivity.  The  harbour  at  Alloa,  in 
the  river  Forth,  is  diy  at  low  water,  and  the  bottom  is 
about  six  feet  higher  than  the  higfaest  water-mark  on  the 
stone  pier  at  Leitfa.  Yet  there  are  at  Alloa  tides  of  twen^, 
and  even  twenty*two  feet.  All  Loth  would  then  be  "under 
water,  if  it  stood  level  from  Alloa  at  the  time  of  high  water 
there. 

After  conndering  a  tide  in  tins  way,  any  person  who  has 
remarked  the  very  strange  motions  of  a  tide  rivo*,  in  its. 
various  bendings  and  creeks,  and  the  currents  that  are  fre- 
quently observed  in  a  direction  opposite  to  the  general 
stream,  will  no  longer  expect  that  the  phenomena  of  the 
tides  will  be  such  as  immediately  result  from  the  regular 
operation  of  the  solar  and  lunar  fences. 

450.  There  is  yet  anotha:  cause  of  deviation,  which  is 
perhaps  more  dissimilating  than  any  local  circumstances, 
and  the  operation  of  which  it  is  very  difficult^to  state  fami* 
Early,  and  yet  predsely.  This  is  the  inerti%as  it  is  called, 
of  the  waters.  No  finite  change  of  place  or.  of  velodty 
can  be  produced  in  an  instant  by  any  accelerating  force. 
Time  must  elapse  before  a  stone  can  acquire  any  measure- 
able  velocity  by  falling. 
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Suppose  the  Earth  fluid  to  the  centre^  and  it  rest»  with- 
out any  external  disturbing  force.  The  ocean  will  fism  a 
perfect  8[diere.  Let  the  Moon  now  act  od  it.  Tha  waters 
will  gradually  rise  immediately  under  the  Moon  and  in  the 
(^pottte  part  of  the  Earth,  sinking  all  around  the  eqnUor 
of  the  qiheroid.  Each  particle  proceeds  to  its  ultimate 
situation  with  an  accelerated  motion,  because,  till  then,  the 
disturlnng  force  exceeds  the  tendency  of  the  water  to  sub- 
side. Therefore,  when  the  form  is  attained  whidi  balances 
those  forces,  the  motion  cbes  not  stop,  just  as  a  pendulum 
does  not  stop  when  it  readies  the  lowest  point  of  its  arch 
of  Yibratbn.  Suppose  that  the  Moon  ceases  to  act  at  this 
instant.  The  motion  will  still  go  on,  and  the  ocean  wiB 
overpass  the  balanced  figure,  but  with  a  retarded  motion, 
as  the  pendulum  rises  on  the  other  side  of  the  perpendicu- 
lar. It  will  stop  at  a  certain  form,  when  all  the  fonnerao- 
celeration  is  done  away  by  the  tendency  of  the  water  to  sub* 
side.  It  now  bq;in8  to  subade  at  the  poles  of  the  sfhenidf 
and  to  rise  at  the  equator,  and  after  a  certain  time,  it  be- 
comes a  perfect  sphere,  that  is,  the  ocean  has  its  natural 
figure.  But  it  passes  this  figure  as  far  on  the  other  side^ 
and  makes  a  flood  where  there  was  formerly  an  ebb  ;  and 
it  would  now  osdllate  for  ever,  alternately  swelling  and 
contracting  at  the  points  of  syzigy  and  quadrature  If  the 
Moon  do  not  cease  to  act,  as  was  just  now  supposed,  there 
will  still  be  oscillations,  but  somewhat  different  from  those 
now  mentioned.  The  middle  form,  on  both  sides  of  which 
it  oscillates  in  this  case,  is  not  the  perfect  ^here,  but  the 
balanced  spheroid. 

451.  All  this  is  on  the  supposition  that  there  is  no  ob- 
struction. But  the  mutual  adheaon  of  the  filaments  of 
water  will  greatly  check  all  these  motions.  The  figure  inll 
not  be  so  soon  formed ;  it  will  not  be  so  far  overpassed  in 
the  first  oscillation  ;  the  second  oscillation  will  be  less  than 
the  first,  the  third  will  be  less  than  the  second,  and  they 
will  soon  become  insensible. 
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But  if  h  inarepofisibk  to  provide  a  recurring  finroe, 
sbodd.  tend  to  raise  the  waters  where  they  are  ahready 
risiog^  and  depress  them  where  th^  are  suboding,  and 
that  would  always  renew  those  actioos  in  the  proper  time, 
it  is  plain  that  Uiis  force  may  be  such  as  iriU  just  balance 
the  obstructions  competent  to  any  particular  degree  of  os- 
cillation. Such  a  recurring  force  would  just  maintain  this 
degree  of  osciUatioii.  Or  the  recurring  force  may  be  greater 
than  this.  It  will  therefore  increase  the  osdllationsy  till 
the  obstructions  are  also  so  much  increased  that  the  force  is 
balanced  by  them.  Or  it  may  be  leas  than  what  will  ba- 
lance the  obstructiona  to  the  degree  of  oscillation  excited. 
In  this  case  the  oscillati<xi  willdecreasey  till  its  obstructions 
are  no  more  than  what  this  force  will  balance.  Or  this  re- 
curring fprce  may  come  at  improper  intervals,  SMnetimes 
tending  to  raise  the  waters  when  they  are  suboding  in  the 
course  of  an  oscillation,  and  depressing  them  when  they  are 
rifflng.  Sodi  a  force  must  check  and  greatly  derange  the 
oscillations ;  destroying  than  altogether,  and  creatmg  new 
ones,  which  it  will  increase  for  some  time,  and  then  check 
and  destroy  them ;  and  will  do  this  again  and  again. 

Now  there  is  such  a  recurring  force.  As  the  Earth  turns 
round  its  axis,  suppose  the  form  of  the  balanced  sphe- 
roid attained  in  the  place  immediately  under  the  Moon. 
This  elevation  or  pole  is  carried  to  the  eastward  by  the 
Earth,  suppose  into  the  position  DOB  (Fig.  fiS.),  the 
Moon  b^g  in  the  line  O  M.  The  pole  of  the  watery 
apbermd  is  no  longer  under  the  Moon.  The  Moon  will 
therefore  act  on  it  so  as  to  change  its  figure,  making  it  sub- 
^e  in  the  remote  quadrant  BbC,  and  rise  a  litUe  in  the 
quadrant  B  a  A.  Thus  its  pole  will  come  a  little  nearer  to 
the  line  O  M.  It  is  plain,  that  if  B  is  carried  farther  east- 
waird,  but  within  certain  limits,  the  situation  of  the  parti- 
cles will  be  still  more  unsuitable  to  the  lunar  disturbing 
fprcp,  and  its  action  on  each  to  change  its  position  will  be 
greater.     The  action  upon  them  all  will  therefore  make -a 
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more  rapid  change  in  the  position  of  the  pole  of  £hediipho- 
ed  tpheroid.  It  seems  not  impossible  that  tbb  pq|k  nutf 
be  just  so  far  east— that  the  changing  forces  mij  be  able 
tocause  its  pole  to  shift  its  position  fifteen  mileB  in  one  mi- 
nute. If  this  be  the  case,  the  pole  of  the  spberbii  iriU 
keep  predselj  at  its  present  distance  from  the  line  O  H. 
For,  Mnce  it  would  shift  to  the  westward  fifteen  miks  ia 
one  minute  by  the  action  of  the  Moon;  and  is  cairied  lif- 
feen  miles  to  the  eastward  in  that  time  by  the  rotatico  of 
the  Earth,  the  one  motion  just  undoes  the  effect  of  the 
other.  The  pc^  of  the  watery  spheroid  is  really  made  to 
shift  fifte«i  miles  to  the  westward  on  the  surface  of  the 
Earth,  and  arrives  at  a  place  fifteen  miles  west  of  its  fbmi- 
er  place  on  the  globe ;  but  this  place  of  arrival  is  earned 
fifteen  miles  to  the  eastward ;  it  b  therefore  as  farftomthe 
line  O  M  as  before. 

This  may  be  illustrated  by  a  very  ample  experimenf, 
where  the  operation  of  the  acting  forces  is  really  very  like 
that  of  the  lunar  disturbing  force.  Suppose  a  duun  or  flex- 
,  ibie  rope  ABC  EDF  liud  over  a  pulley,  and  hanging  down 
in  a  bight,  which  is  a  catenarean  curve,  having  the  vertical 
line  O  D  for  its  axis,  and  D  for  its  lowest  pmnt,  which  the 
geometers  call  its  vertex.  Let  the  puUey  be  turned  very 
slowly  round  its  axis,  in  the  direction  ABC.  The  ade 
C  E  will  descend,  and  F  A  will  be  taken  up,  every  link  of 
the  chain  moving  in  the  curve  C  £  D  F  A.  Every  link  is 
in  the  vertex  D  in  its  turn,  just  as  every  portion  of  the 
ocean  is  in  the  vertex  or  pole  of  the  spheroid  in  its  turn. 
Now  let  the  pulley  turn  round  very  briskly.  The  cham 
will  be  observed  to  alter  its  figure  and  position.  O  D  will 
no  longer  be  its  axis,  nor  D  its  vertex.  It  will  now  form  a 
curve  C  e  dfAy  lying  to  the  left  hand  of  C  E  D  F  A.  Od 
will  be  its  new  axis,  and  d  will  be  its  vertex.  Gravity  acts 
in  lines  parallel  to  OD.  The  motions  in  the  direction  C£ 
and  FA  nearly  balance  each  other.  But  there  is  a  general 
motion  of  every  link  of  the  hanging  chain,  by  which  it  is 
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carried  fioM  £  Uymvds  F.  Did  the  dudn  oaotimie  in  Ae 
former  ^irteoarety  this  force  eouU  not  be  balanced.  It 
therefore  keeps  so  much  awrj,  in  the  form  C  e  d/*A,  that 
its  tendency  bjr  grmty  to  return  to  its  former  position  is 
jnst  equal  to  the  som  of  all  the  motions  in  the  links  front 
E  towards  F.  And  it  will  shew  this  tendency  by  retunr- 
ing  to  that  position,  the  moment  that  the  puUey  gives  ovier 
turning.  The  more  rapidly  w&tum  the  puUeynmnd,  the 
farther  will  the  chain  go  aade  before-  its  attitude  become 
permanent.  ^ 

452.  It  surpasses  our  mathematical  knowledge  to  say  widi 
precision  how  far  eastward  the  pole  of  thetidemustbefirvmi 
the  line  of  the  Moon's  direction,  even  in  the  simple  ease 
which  we  have  been  considering.    The  real  state  of  things 
is  far  more  complicated.  The  Earth  is  not  fluid  to  the  cen- 
tre, but  b  a  solid  nucleus,  on  which  flows  an  ocean  of  very 
small  depth.    In  the  former  case,  a  very  moderate  motion 
of  each  particle  of  water  is  sufBcient  for  making  the  accu- 
mulation in  one  place,  and  the  depression  in  another.  The 
particles  do  littie  more  than  rise  or  subtnde  vertically.  But, 
in  the  case  of  a  nucleus  covered  irith  an  ocean  of  small 
depth,  a  consderable  horizontal  motion  is  required  for  bring- 
ing tc^ther  the  quantity  of  water  wanted  to  make  up  the 
balanced  spheroid.     The  obstructions  to  such  motion  must 
be  great,  both  such  as  arise  from  the  mutual  adhesion  of 
the  filaments  of  water,  and  many  that  must  arise  from  fric- 
tion and  the  inequalities  of  the  bottom,  and  the  configura- 
tion of  the  shores.     In  some  places,  the  force  of  the.  acting 
luminaries  may  be  able  to  cause* the  pole  of  the  spbennd  to 
slnu  its  situation  as  fast  as  the  surface  moves  away,  when 
the  angle  M  O  B  is  2QP.     In  other  places,  this  may  not  be 
till  it  is  25^,  and  in  another,  15^  may  be  Plough ;  but,  in 
every  situation,  there  will  be  an  arrangement  that  will  pro-^ 
duce  this  peirmanent  posititm  of  the  summit.     For  when 
the  obstructions  are  great,  the  balanced  form  will  not  be 
nearly  attuned ;  and  when  this  is  the  case,  the  change  ^pco^ 


duciUe  on  the  potttkm  of  a  paitkde  b  more  c^pidl^  cfloft- 
ed,  the  forces  bring  greal,  or  nlher  the  fokliaoe  eriaif 
from  gravity  ak»ie  bong  aouilL 

463.  The  coniequeiice  of  all  this  miiat  bc^  ia  the  fint 
place,  that  that  form  which  the  ocean  would  uhkMldy  as- 
sume, did  the  Earth  not  turn  round  its  azis^  will  nefcr  be 
attnined.  As  the  waters  approach  to  that  fianiy  thejr « 
carried  eastward,  into  ntuations  where  the  disturbing  fts* 
CCS  tend  to  depress  them  on  one  side^  while  thqr  nnsedieB 
on  the  other,  cauring  a  westerly  undulatioo,  whidi  keqps 
its  summit  at  neiirly  the  same  distance  from  the  line  of  the 
acting  lumioary'^s  direction.  This  westerly  moticm  of  the 
summit  of  the  undulation  does  not  necessarily  au|i|ioie  a 
real  transference  of  the  water  to  the  weatward  at  the  sme . 
rate.  It  is  more  like  the  modon  of  ordinary  wavei^  in 
which  we  see  a  bit  of  wood  or  other  light  body  merely  nse 
and  fidl  without  any  sensible  motion  in  the  directioD  of  the 
wave.  In  no  case  whatever  is  the  horizontal  motion  of  the 
water  neaily  equal  to  the  motion  of  the  summit  of  the 
wave.  It  resembles  an  ordinary  wave  also  in  this^  that  the 
rate  at  which  the  summit  of  the  undulaticm  advances  id 
any  direction  is  very  little  afiected  by  the  heigfat  of  the 
wave.  Our  knowledge,  however,  in  hydraulics  has  not  yet 
enabled  us  to  say  with  precision  what  is  the  rdation  be- 
tween the  height  of  the  undulation  and  the  rate  of  its  ad- 
vance. 

454.  Thus  then  it  appears,  in  general,  that  the  summU 
of  the  tide  must  always  be  to  the  eastward  of  the  place  as- 
signed to  it  by  our  simple  theory,  and  that  exponenoe 
alone  can  tell  us  how  much.  Experience  is  more  uniform 
in  this  respect  than  one  should  expect  For  it  is  a  matter 
of  almost  universal  experience  that  it  is  very  nearly  19  or 
39  d^^rees.  In  a  few  places  it  is  less,  and  in  many  it  is 
5,  cm:  6,  or  7  degrees  more.  This  is  inferred  finom  obaerving 
that  the  greatest  and  the  smallest  of  all  the  tides  do  not 
bapipen  on  the  very  time  of  the  ^zigies  and  quadratures, 


■I, 


T^^Bnr  €9  THE  TX^BS.  Stlf 

f 

»ut  the  tlqii^  and  in  MBie  placet,  die  fpiurtlr  lUb  after. 
(ubqeqiicBt  dbafftaticffi  1mm  sh^wn  that  tbit  is  ool  pecuUar' 
o  the  vpnx^  and  neqphtidesy  bul  obtaina  in  all-  At  Bieat 
fiir  ezami^)  tbe  Ikle  which  bean  ihe  vmk  of  the  aug-^ 
aentalion  ariangfrcm  tbelloaii^s  pnioiimity  it  not  tha  tide 
een  while  the  Mom  is  in  perigeo,  but  the  thiid  after.  In 
hort,  the  whde  teries  of  monthly  tides  cbtagtee  with  the 
unultanecms  poaition  o£  the  luminaiiet>  but  correspond 
oost  r^ularly  with  their  pontiont  37  or  38  hours  bafoie. 

465.  Another  obsenration  prqper  for  tins  place  is,  that 
m  different  extent  of  sea,  and  different  depth  of  water,  will 
ind  do  oocaoou  a  difflsrence  in  the  time  in  wl^ch  a  great 
nryinUtifm  may  be  propagated  along  it,  it  may  happ^  that 
hia  time  may  so  correspond  with  the  rqpietitbn  of  all  the 
tgitating  forees,  that  the  action  of  to-day  may  so  conspire 
rith  the  remaining  undulation  of  yesterday  as  to  increase 
k  by  itt  reiterated  impulses,  to  a  degree  vastly  greats  than 
ta  original  quantity.  By  giving  gentle  impnlsea  in  thia 
ray  to  a  pendnlum,  in  ttie  directioii  of  its  motion,  its  vi- 
>rations  may  be  increased  to  fifty  times  thai  first  size.  It 
s  not  necessary,  for  this  effect,  that  the  return  of  the  lumi- 
uury  into  the  favourable  situation  be  just  at  the  interval  of 
he  undulation.  ItwiU  do  if  it  ooniqpire  with  every  second 
NT  third  or  fourth  unduk^on;  or,  in  general,  if  tbeamount 
if  its  conjuring  actions  exceeds  considerably,  and  at  na 
i;reat  distance  of  time,  the  amount  of  its  qppotii^  actions* 
[n  many  cases,  this  co-operation  noB  produce  periods  of 
uigmenti^oa  and  diminution,  and  many  seeming  anoma- 
ies,  whidk  may  greatly  vary  the  phenomena. 

486L  A  third  observation  that  should  be  made  here  is, 
;^t  as  the  obstructions  to  die  moticm  of  the  ocean  ariring 
*rom  the  mutual  adhesion  and  action  of  the  filaments  are 
mown  to  be  so  v^  great,  we  have  reascm  to  believe  that 
he  change  of  form  actually  {noduced  is  but  a  moderate 
Mrt  ^  what  the  fo^ee  can  ultimately  produce,  and  that 
lone  of  the  oscillations  are  often  repeated.    It  is  not  ^^rcw 
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baUe  that  the  repetitions  of  the  great  undiiktioiitetfiVBdi 
exceed  four  or  five.  When  experiments  tte  ibade  on  id 
water,  we  rarely  see  a  pure  undulation  repastsd  so  oftei. 
Even  in  a  sjphon  of  glass,  where  all  diflfusumaof  the  ua. 
dulating  power  is  prevented,  they  are  rarely  sendMe  after 
the  fifth  or  nxth.  A  gentle  smooth  unduIatioD  on  the  sid^ 
face  of  a  very  shallow  bason,  in  the  view  of  agitating  the 
whole  depth,  will  seldom  be  repeated  thrioe.  This  ii  ck 
form  which  most  resembles  a  tide* 

467.  After  this  account  of  the  many  causes  of  defurtion 
from  the  motions  asngned  by  our  theory,  many  of  wUdi 
are  local,  apd  reducible  to  no  rule,  it  would  seem  that  this 
theory,  which  we  have  taken  so  much  pains  to  estafafiih,  is 
of  no  use,  except  that  of  giving  us  a  general  and  most 
powerful  argument  for  the  universal  gravitation  of  matter. 
But  this  would  be  too  hasty  a  conclusion.  We  diall  find 
that  a  judicious  consideration  of  the  different  classes  of  the 
phenomena  of  the  tides  will  suggest  such  relatioos  among 
them,  that,  by  properly  combining  them,  we  shall  not  only 
perceive  a  very  satisfactory  agreement  with  the  theory,  but 
shall  also  be  able  to  deduce  some  important  practical  infer- 
ences from  it. 

458.  Each  of  the  different  modifications  of  a  tide  has  its 
own  period,  and  its  peculiar  magnitude.  Whore  the  change 
made  by  tiie  acting  force  is  but  small,  and  the  time  in  which 
it  is  effected  is  coniuderable,  we  may  look  for  a  considera- 
ble conformity  with  the  theory  :  but,  on  the  other  hmd,  if 
the  change  to  be  produced  on  the  tide  is  very  great,  and 
the  time  allowed  to  the  forces  for  effecting  it  is  small,  it  is 
equally  reasonable  to  expect  sensible  deviations.  If  this 
consideration  be  judiciously  applied,  we  shall  find  a  very 
satisfactory  conformity. 

459.  Of  all  the  modifications  of  a  tide,  the  greatest,  and 
the  most  rapidly  effected,  is  the  difference  between  the  su- 
perior and  inferior  tides  of  the  same  day.  When  the  Moon 
has  great  declination,  the  superior  tide  at  Brest  may  be 


THEORY  OF  THE  TIDES.  365 

three  times  greater  than  the  succeeding  or  inferior  tide. 
But  the  fact  is,  that  they  differ  very  little.  M.  de  la  Place 
says  that  they  do  not  differ  at  all.  We  cannot  find  out  his 
authority.  Having  examined  with  the  most  scrupulous 
attention  more  than  200  of  the  observations  at  Brest,  and 
Rochefort,  and  Port  L'Orient,  and  made  the  proper  allow- 
ance for  the  distances  of  the  luminaries,  we  can  say  with 
confidence,  that  this  general  assertion  of  M.  de  La  Place 
is  not  founded  on  the  observations  that  have  been  publish- 
ed ;  and  it  does  not  agree  with  what  is  observed  in  the 
other  ports  of  Europe.  There  is  always  observed  a  differ- 
ence, agreeing  with  theory  in  the  proportions,  and  in  the 
order  of  their  succession,  although  much  smaller.  A  very 
slight  consideration  will  give  us  the  reason  of  the  observed 
discrepancy.  It  is  not  possible  to  make  two  immediately 
succeeding  undulations  of  inert  water  remarkably  different 
from  each  other.  The  great  undulation,  in  retiring,  causes 
the  water  to  heap  up  to  a  greater  height  in  the  offing ;  and 
this,  in  difiiising  itself,  must  make  the  next  undulation 
greater  on  the  shore.  That  this  is  the  true  account  of  the 
matter,  is  fully  proved  by  observing,  that  when  the  theo- 
retic difference  between  those  two  tides  is  very  small,  it  is 
as  distinctly  observed  in  the  harbours  as  when  it  is  great 
This  is  clearly  seen  in  the  Brest  observations. 

460.  The  absolute  magnitudes  of  the  tides  arc  greatly 
modified  by  local  circumstances.  In  some  harbours  there 
is  but  a  small  difference  between  the  spring  and  neap-tides, 
and  in  other  harbours  it  is  very  great.  But,  in  either  case, 
the  small  daily  changes  are  observed  to  follow  the  propor- 
tion required  by  the  theory  with  abundant  precision.  Count- 
ed  half  way  from  the  spring  to  the  neap-tides,  the  hourly 
fall  of  the  tide  is  as  the  square  of  the  time  from  spring- 
tide,  except  so  far  as  this  may  be  changed  by  the  position 
of  the  moon'^s  perigee.  In  like  manner,  the  hourly  increase 
of  the  tides  after  neap-tide  is  observed  to  be  as  the  S(|uares 
of  the  time  from  neap-udc. 
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461.  The  prinung  and  lagging  of  llitt 
with  the  theory  with  eiidi  aocmacjr,  that  thejr  itaa  tohr 
qJcuhted  fiwn it,  independent  of  ehwrv^daa  Thteeii 
•aothii^  that  aeems  leai  likelj  to  be  iifffHnqg>d  ttan  tfaiL 
tridee  whidi  difler  verj  litde  fiom  each  other,  vdar  as  to 
anagmttide or tit&e^ dhoiild be  eq^ectedto  ftiiowoteano- 
dierjitft  as  the  fiicces  require.  There  ia  ihdeedadena. 
taon,  very  general,  and  eattly  aceuunted  ftr.  Tbcieiia 
JOiaU  aeoderatidtt  of  the  tidee  from  qpriligutide  to  1^^ 
Thia  Is  undoobtedly  owing  to  theebstractioDSL  A  smsDer 
*  tide  being  less  able  to  overoome  them,  is  sooner  broni^  to 
its  jaaaximum.  The  deviation^  howerer,  ia  verjr  small»  ool 
exceeding  |  of  an  hour^  by  whidi  the  neqMide  anticqfilei 
the  theoretical  time  of  its  acooffipliafament.  It  would  m- 
ther  af^iear  at  first  n^t  that  a  small  tide  would  takes 
IflingertimeofgoingupariTer  thanagrestono.  And  it 
aaay  be  so,  idthough  it  be  sooner  high  watar^  beeaose  the 
defalcation  from  its  height  may  sooner  termiiiafte  ks  lisii^* 
There  is  no  difference  observed  in  this  rel^ieet,  when  we 
compare  the  times  of  high  water  at  London  Bridge  and  at 
the  Buoy  of  the  Nore.  They  happen  at  the  reary  aune 
time  at  both  places,  and  therefore  the  spring^^tidss  and  the 
neap-tides  employ  the  same  time  in  going  u^  the  river 
Thames. 

iSSL  This  agreement  of  observation  with  tlMry  is  most 
fortunate ;  and  indeed  without  it,  it  would  scstfody  have 
been  possible  to  make  any  practical  use  of  the  theoiy.  llut 
now,  if  we  note  the  exact  time  of  the  high  wateif  of  spnng- 
tide  for  any  harbour^  and  the  exact  pontion  of  tbe  Soaand 
Moon  at  that  time,  we  can  easily  make  a  table  of  the  monfb- 
ly  series  for  that  port,  by  noticing  the  difference  of  that 
time  from  <mr  table,  and  making  the  same  difference  for 
eiaty  sacoeedxng  phasb  of  the  tide. 

469.  But,  in  thus  accommodating  the  theoretical  series 
to  axity  particular  place,  we  must  avoid  a  mistake  eoennan- 
ly  made  by  the  composers  of  tide-tables.     They  give  the 


.T  or  THE  TIBSS.  887 


faofur  of  l^g^  water  at  full  and  dumge  of  the  lloofi^  «ttd 
this  b  cQOfldcred  m  ipraig»tide.  But  perimpB  there  is  hd 
partlnthe  wafldiriiarethatisthecaie.  It  is  uiudly  die 
tfainl  tide  sftor  full  or  duu^  ihst  is  thegreatat  of  all; 
and  the  third  tide  after  quadrature  is^  in  most  plaess^  the 
amallest  tide.  Nour  it  is  with  the  gieatest  tide  that  odr 
monthly  seiies  f'wnWM*nf»«y-  Therefore,  it  is  the  hour  of 
ihis  tide  that  is  to  be  taken  for  the  hour  of  the  harbour. 
But,  as  winds,  freshes,  and  other  causes,  may  aflPect  any  ii>. 
diyidual  tide,  we  must  take  the  medium  of  many  obseryfr. 
tions;  and  HEe  must  take  care  that  we  do  not  eonoder  as  a 
flpriog^tide  one  which  is  indeed  the  greatest,  but  chances 
Id  be  enlarged  by  bong  a  perigean  tide. 

When  these  precautions  are  taken,  sDd  the  tides  of  one 
monthly  series  marked,  hy  applying  the  same  oNrrection  to 
the  houiB  in  the  third  odumn  of  Bemonlfi^s  taUe  (I.),  it 
will  be  found  to  correspond  with  observation  with  suffident 
aocumey  for  all  purposes.  In  maldi^  the  comparison,  it 
inll  be  proper  to  take  the  medium  between  the  superioir 
and  inferior  tides  of  each  day,  both  with  respect  to  time 
and  height,  because  the  difference  in  these  respects  betweoi 
those  two  tides  never  entirdy  disappears. 

464.  The  series  of  changes  which  depend  on  the  chai^ 
of  the  Moon's  dectination  are  of  more  intricate  comparison, 
because  they  are  so  mudi  implicated  with  the  changes  de- 
pending <m  her  distance.  But  when  freed  as  much  as  pos- 
sible from  this  comjdication,  and  then  estimated  by  the 
medium  between  the  superior  and  inferior  tide  of  the  same 
day,  they  agree  extremely  wdl  with  the  theoretical  series. 

This,  by  the  way,  enables  us  to  account  for  an  observa^ 
ticm  which  would  otherwise  appear  inconsistent  with  the 
theory,  which  affirms  that  the  superior  tide  is  greatest  when 
the  Moon  is  in  the  zenith  (393.)  The  observation  is,  that 
on  the  coasts  of  France  and  Spain  the  tides  increase  as  the 
Moon  is  nearer  to  the  equator.  But  it  Was  shewn  in  the 
same  article,  that  in  latitudes  below  45^,  the  medium  tide 
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lincreaaes  as  the  Mooii''s  decliuUioQ  diminuhea.  Bernoulli 
justly  observes,  that  the  tides  with  which  we  are  mostfaml- 
'liarly  acquainted,  and  from  whidi  we  fbnn  all  our  rules, 
must  be  considered  as  derived  from  the  more  perfect  and 
.regular  tide  formed  in  the  widest  part  of  the  Atlantic  ocean. 
Extensive,  however,  as  this  may  be,  it  is  too  narrow  for  a 
complete  quadrant  of  the  sjdiermd.  Therefore  it  will  grow 
more  andmore  perfect  as  its  pole  advances  to  the  middle  of 
the  ocean ;  and  the  changes  which  happen  on  the  bound- 
ing coasts,  from  which  the  waters  are. drawn  on  all  sides 
to  make  it  up,  must  be  vastly  more  irr^ular,,and  will  have 
but  a  partial  resemblance  to  it.  They  will,  however,  re- 
semble it  in  its  chief  features.  This  tide  being  fcnmed  in 
a  considerable  southern  laUtude,  it  becomes  the  more  cer- 
tain that  the  medium  tide  will  diminisli  as  the  Moon  s  de- 
clination increases.  But  although  this  seeming  objection 
occurs  on  the  French  coasts,  it  is  by  no  means  the  case  on 
ours,  or  more  to  the  north.  We  always  observe  the  su- 
perior tide  to  exceed  the  inferior,  if  the  Moon  have  north 
declination. 

The  same  agreement  with  theory  is  observable  in  the 
solar  tides,  or  in  the  effect  of  the  Sun^s  declination.  This 
indeed  is  much  smaller,  but  is  observed  by  reason  of  its 
regularity.  For  although  it  is  also  compUcated  with  the 
effects  of  the  Sun^s  change  of  distance,  this  effect  having 
the  same  period  with  his  declination,  one  equation  may 
comprehend  them  both.  M.  Bernoulli's  observation,  just 
mentioned,  tends  to  account  for  a  very  general  opinion, 
that  the  greatest  tides  are  in  the  equinoxes.  I  observe, 
however,  that  this  opinion  is  far  from  being  well  establish- 
ed. Both  Sturmy  and  Colcpress  speak  of  it  as  quite  un- 
certain, and  Wallis  and  Flamstead  reject  it  It  is  agreed 
on  all  hands,  that  our  winter  tides  exceed  the  summer 
tides.  This  is  thought  to  confirm  that  point  of  the  theory 
which  makes  the  Sun^s  accumulating  force  greater  as  his 
distance  diminishes.     I  am  doubtful  of  the  applicability  of 
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this  prindple,  because  the  approach  of  the  Sim  causes  the 
Moon  to  recede,  and  her  recess  is  in  the  triplicate  ratio  of 
the  Sun^s  approach.  Her  accumulating  force  is  therefore 
diminished  in  the  sesquiplicate  ratio  of  the  Sun^s  i^iproach, 
and  her  influence  on  the  phenomena  of  the  tides  exceeds 
the  SunV 

465.  The  changes  arismg  from  the  Moon^s  change  of 
distance  are  more  considerable  than  those  arising  from  her 
change  of  declination.  By  reason  of  their  implication  with 
those  changes,  the  comparison  becomes  more  difficult.  M. 
Bernoulli  did  not  find  it  .so  satisfactory.  They  are,  in  ge- 
neral, much  less  than  theory  requires.  This  is  probably 
owing  to  the  mutual  effects  of  undulations  which  should 
differ  Tery  considerably,  but  follow  each  other  too  closely. 
In  M.  de  la  Placets  way  of  considering  the  phenomena  (to 
be  mentioned  afterwards)  the  diminution  in  magnitude  is 
vefy  accountable,  and,  in  other  respects,  the  correspon- 
dence is  greatly  improved.  When  the  Moon  cbangea 
either  in  perigeo  or  apogeo,  the  series  b  considerably  de- 
ranged, because  the  next  spring*tide  is  formed  in  opposite 
circumstances.  The  derangement  is  still  greater,  when 
the  Moon  b  in  perigee  or  apogee  in  the  quadratures.  The 
two  adjoining  spring-tides  should  be  regular,  and  the  two 
neap-tides  extremely  unequal. 

466.  We  shall  first  consider  the  changes  produced  on 
the  times  oi  full  sea,  and  then  the  changes  in  the  height. 
M.  Bernoulli  has  computed  a  table  for  both  the  perigean 
and  apogean  distance  of  the  Moon,  from  which  it  will  ap- 
pear what  correction  must  be  made  on  the  regular  series. 
It  is  computed  precisely  in  the  same  way  as  the  former, 
the  only  difference  being  in  the  magnitude  of  M  and  S, 
and  we  may  imitate  it  by  a  construction  similar  to  Fig.  49. 
To  make  this  table  of  easier  use,  M.  Bernoulli  introduces 
the  important  observation,  that  the  greatest  tide  is  not,  in 
any  part  of  the  worid,  the  tide  which  happens  on  the  day 
of  new  or  full  Moon,  nor  even  the  first  or  the  second  tide 
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after;  and  that  with  reqpect  to  the  Atlantic  Ooauip  and  all 
its  coasts,  it  is  very  predsely  the  third  tide.      So  tfait 
should  we  have  high  water  in  any  port  ptedaely  at  noon 
on  the  full  or  change  of  the  Mood,  and  on  the  first  day  of 
the  month,  the  greatest  tide  happens  at  midni^t  on  the 
second  day  of  the  month,  or,  expresnng  it  in  the  coomMNi 
way,  it  is  the  tide  which  haf^ns  when  the  Moon  is  a  day 
and  a  half  old.    The  summit  of  the  spheroid  ia  tberefoce 
19  or  80  degrees  to  the  eastward  of  the  Sun  and  Moon. 
At  this  distance,  the  tendency  of  the  aocumulaUng  foK» 
of  the  Sun  and  Moon  to  complete  the  spheroid,  and  to 
bring  its  pole  precisely  under  them,  is  just  balanced  by 
the  tendency  of  the  waters  to  subside.     Therefore  it  is 
raised  no  higher,  nor  can  it  come  nearer  to  the  Sun  and 
Moon,  because  then  the  obliquity  of  the  force  is  diminish* 
ed,  on  which  the  changing  power  depends.     That  this  is 
'  the  true  cause,  appears  from  this,  that  it  is,  in  like  manoer, 
on  the  third  tide  that  all  the  changes  are  percdved  whicli 
correspond  to  the  declination  of  the  Moon,  or  her  distance 
from  the  Earth.    Every  thing  falls  out,  therefore,  as  if  the 
luminaries  were  19  or  20  degrees  eastward  of  where  they 
are,  having  the  pole  of  the  spheroid  in  its  theoretical  situa- 
tion with  respect  to  this  fictitious  situation  of  the  lunu- 
naries.     But,  in  such  a  case,  were  the  Sun  and  Moon  9^ 
farther  eastward,  they  would  pass  the  meridian  80  minutes, 
or  one  hour  and  20  minutes  later.     Therefore  1^  SO'  is 
added  to  the  hours  of  high  water  of  the  former  table,  cal- 
culated for  the  mean  distance  of  the  Moon  from  the  Earth. 
Thus,  on  the  day  of  new  Moon,  we  have  not  the  spring- 
tide, but  the  third  tide  before  it,  that  is,  the  tide  which 
should  happen  when  the  Moon  is  20^  west  of  the  Sun,  or 
has  the  elongation  160^     This  tide,  in  our  former  tahle^ 
happens  at  11^  02'.     Therefore  add  to  diis  1^  SC,  and  we 
have  0**  92'  for  the  hour  of  high  water  on  the  day  of  full 
and  change  for  a  harbour  which  would  otherwise!^  have 
high  water  when  the  Sun  and  Moon  are  on  the  meridian. 
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In  dus  wify  I7  aSding  I^  MK  to  the  hours  of  Ugh  water 
in  the  Anner  taUe^  for  a  poutioD  c»f  the  lununaries  SO^  fiur- 
ther  west,  it  is  aeoommodated  to  the  observed  ebngation 
of  the  MooD»  dus  dongation  being,  always  supposed  to  be 
that  of  the  Moon  when  she  is  on  the  meridian.  Sucb^ 
then,  is  the  &Uowing  table  of  M.  BonouUL  The  first 
cdump  gives  the  Moon^s  ebngation  from  the  Sun,  or  from 
the  opposite  point  of  the  heavens»  the  Moon  being  then  on 
die  mericGan.  The  second  odumn  gives  the  hour  of  high 
water  when  the  Moon  is  in  perigeo.  The  third  column 
(which  is  the  same  with  the  former  table,  with  the  addi- 
tion of  I*'  W)  gives  the  hour  of  high  water  when  the  Moon 
is  at  her  mean  distance.  And  the  fourth  column  gives  tbs 
hour  when  she  is  iqpogeo. 


TABLE  11. 
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467.  This  table,  though  of  oonsidcndile  serme,  bHtf 
far  preferable  to  the  usual  tide  tables,  maj  aonBtimss  da- 
Tiate  a  few  minutes  from  the  truth,  because  it  is  calmlsftnl 
on  the  supposition  of  the  luminaries  bding  in  the  equator. 
But  when  they  have  considerable  dedinatioii,  the  honiy 
arch  of  the  equator  may  differ  two  or  three  degrees  froa 
the  elongation.  But  all  thb  error  inll  be  avvMded  by  roGkr 
oning  the  high  water  from  the  time  of  the  Moon^s  soatb- 
ing,  which  is  always  given  in  our  almanacks.  This  intw- 
val  being  always  very  small  (never  12*^),  the  error  will  be 
insensible.  For  this  reason,  the  three  oth^  ocdumns  sie 
added,  expressing  the  priming  of  the  tides  on  the  Hoonli 
southing. 

To  accommodate  this  table  to  all  the  dianges  of  the 
Moon^s  declination  would  require  more  calculation  than 
•all  the  rest.  We  shall  come  near  enough  to  the  truth,  if 
we  lessen  the  minutes  in  three  hour-columns  -^^  when  the 
Moon  is  in  the  equator,  and  increase  them  as  much  when 
she  is  in  the  tropic,  and  if  we  use  them  as  they  stand  when 
she  is  in  a  middle  situation. 

468.  All  that  remains  now,  is  to  adjust  this  general  tahie 
to  the  peculiar  situation  of  tlie  port.  Therefore,  collect 
a  great  number  of  observations  of  the  hour  of  high  water 
at  full  or  change  of  the  Moon.  In  making  this  collection, 
note  particularly  the  hour  on  those  days  where  the  Moon 
is  new  or  full  precisely  at  noon ;  for  this  is  th^  dxcum- 
stance  necessary  for  the  truth  of  the  elongations  in  the  fint 
column  of  the  table.  A  small  equation  is  necessary  for 
correcting  the  observed  hour  of  high  water,  when  the  sy- 
zigy  is  not  at  noon,  because,  in  this  situation  of  the  lumi- 
naries, the  tide  lags  35'  behind  the  Sun  in  a  day,  as  has 
been  already  shewn.  Suppose  the  lagging  to  be  S6%  this 
will  make  the  equation  li  minute  for  every  hour  that  the 
full  or  change  has  happened  before  or  after  the  noon  of 
that  day.  This  correction  must  be  added  to  the  observed 
hour  of  high  water,  if  the  syzigy  was  before  noon,  and  sub- 
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ftr  tktf  tia»  of  H|^  Wtttef  to  the  Modn'ft  lOotU^  irtddk, 
ia  gSMnl,  k  tte  best  iMtliody  ire  ttnan  Add  ft  minute  to 
ibe  tkne  iMiVietf  U||b  ted  end  tbe  MiNm\i  mMltitig  ifalr 
•very  lioitr  and  hlif  that  the  vpigf  is  beAxfe  nocm»  end 
ildbtrnet  it  if  die  sjidfgy  has  happened  after  no^  Fortfiit 
tides  prfiM  t0^kM  ho«fs. 

469.  fifanring  thua  obtained  the  medium  hour  of  hig^ 
water  at  ftdl  and  change  of  the  Moon,  note  the  difierence 
rfit  fiotti  (f  USe^  and  then  make  a  table  petuHar  to  thai 
poft^  hf  adding;  that  diflittence  to  aU  the  nnmben  of  th* 
ttlmnnA.  The  numbers  of  this  table  will  give  the  hoar 
of  lugh  water  oorrespoodfaig  to  the  Moon^  eionga&m  At 
any  other  time.  It  will,  however,  alwaye  be  mete  esmti 
to  refer  the  time  to  the  Moon^s  aMithii^,  fsr  the  reaaote 
already  giveni 

By  means  of  a  taUe  s6  cmtttructed,  the  time  of  hi{^ 
water  for  the  port,  in  any  day  of  the  lunation,  may  be  de- 
pended otl  to  less  than  a  quarter  of  an  hour,  except  the 
eoorse  of  the  tides  be  disturbed  by  winds  or  freshes,  whidi 
admit  of  no  calculation.  It  might  be  brought  nearer  by 
a  mudi  more  intricate  calculation ;  but  this  is  altc^ther 
unnecessary,  on  account  of  the  irregularities  arising  irom 
those  causes. « 

It  is  not  sd  easy  to  ^tate,  in  a  series,  the  ntriations  which 
happ^  in  the  Af^^  of  the  tides  by  the  Moan's  change  of 
dirtance,  although  they  are  greater  than  the  Tariations  in 
the  Hmes  of  high  water.  This  is  partly  owing  to^  the  great 
diflferences  which  obtain  in  different  ports  between  the 
greatest  and  smallest  tides,  and  partiy  from  the  difficulty 
of  expressing  the  rariations  in  such  a  manner  as  to  be  ean- 
ly  understood  by  those  not  familiar  with  mathematical 
computations.  M.  Bernoulli,  whom  we  have  followed  in 
dU  the  practical  inferences  from  the  phyncal  theory,  ima> 
l^nes,  that,  notwithstancBng  the  great  disproportion  between 
th#  spring  and  neap  tides  in  different  phoes,  and  the  dif- 
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ferenoet  ifk  the  absolute  ropgnkudet  of  bodiy  die  niddk 
between  the  highest  and  lowest  ^mij  ymtuaiauB  wU  jn* 
ceed  in  very  nearly  the  same  way  as  in  theosy.  lasteidy 
therefore,  (^  taking  the  values  of  M  and  S^  aa  alnafy  esta- 
Uished,  he  takes  the  height  of  spring  and  neap  ndss  in 
any  pert  as  indicative  (rf*  M  4- S  and  M  •— S  fiirthsipQCt 
CalUng  the  spring-tide  A,  and  the  neap-tide  B,  this  pria- 

dple  will  pve  us  M  =  — =— ,  and  S  =  — 5 — .     From 

these  values  of  M  and  S  he  computes  their  iqpogean  and 
perigean  values,  and  then  constructs  columns  of  the  heig^ 
of  the  tides,  iqpogean  and  perigean,  in  the  same  manner  as 
the  column  already  computed  for  the  mean  distance  of  the 
Moon,  that  is,  computing  the  parts  m/and  ajT  (Fig.  48.) 
of  the  whole  tide  m  a  separately.  The  same  may  be  done 
with  incomparably  less  trouble  by  our  conatructicm  (F%. 

49.)  and  the  values  M  =  — 5 — ,  and  S  =  — ^^ . 

Although  this  is  undoubtedly  an  approximation,  and 
perhaps  all  the  accuracy  that  is  attainable,  it  is  not  found- 
ed on  exact  physical  principles.  The  local  proportion  of 
A  to  B  depends  on  circumstances  peculiar  to  the  place ; 
and  we  have  no  assurance  that  the  changes  of  the  lunar 
force  will  operate  in  the  same  manner  and  proportion  on 
these  two  quantities,  however  different  We  are  certain 
that  it  will  not ;  otherwise  the  proportion  of  spring  and 
neap  tides  would  be  the  same  in  all  harbours,  however 
much  the  springs  may  differ  in  different  harbours.  I  com- 
pared Bernoulli's  apogean  and  perigean  tides,  in  about 
twenty  instances,  selected  from  the  observations  at  Brest 
and  St  Malo,  where  the  absolute  quantities  differ  very 
widely.  I  was  surprised,  but  not  convinced,  by  the  agree- 
ment I  am  however  persuaded,  that  the  table  is  of  great 
use,  and  have  therefore  inserted  it,  as  a  model  by  which  a 
table  may  eaaly  be  computed  for  any  harbour,  employing 
the  spring-tide  and  neap-tide  heights  observed  in  that  bar« 
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boiflra0-«teA4ttidBftr  that  place*  The  table  i%  like 
the  kity  acoommodafted  to  the  eaiteriy  deriadoD  of  the 
pole  of  Ae  qAeraid  from  its  theoretieal  plaoe» 

It  appears,  ftom  this  tabk,^  and  also  from  the  last,  that 
the  neap-tides  ara  much  moie  afibeted  hj  fhe  inojiiaKties 
of  the  forees  than  the  qnring-tides  are.    The  nesp-tideB- 
▼arjr  from  70  to  1S8,  and  the  springs  from  90  to  114. 
The  first  is  almost  doubled,  the  last  is  augmented  bat  i* 


TABLE  III. 


3 


0  0,99A+045B 


10 

20 

30 

40 

50 

60 

70 

iBO 

00 

100 

110 

120 

180 

140 

150 

160 

170 

180 


HEIGHT  OF  THE  TIDE. 


({  in  Ferigeo.  I   (TinM.Dist 


1,10A+0,04B  0,97A+0,0SB 


1,14A+0,00B 
1,10A+0,04B 
0,99A+0,15B 
0,85A+0,82B 
0,67A-K),63B 
0.46A+b,76B 
0,28A+0,96B 
0,13A+1,18B 


0,88A+0,12B  0,79A+0,08B 


1,00A+0,00B 
0,97A+0,03B 
0,88A+0,12B 
0,75A+0,25B 
0,59A+0,41B 
0,41A+0,69B 


d  in  Apogeo. 


0,87A+0,02B 
0,90A+0,00B 
0,87A+0,02B 
0,79A+0,08B 
0,68A+0,18B 
0,53A+0,2gB 
0,37A+0,41B 
0,23A+0,58B 


0,25A+0,75B, 

0,12A+0,88BO,11A+0,6«B 
0,03A+1 ,24B|0,03A + 0,97B  0,08A + 0,68B 

0,00A+0,70B 


0,00A+ 1 ,28B  0,00A + 1 ,00B 
0,03A+1,24B  0,08A+0,97B 


0,13A+1,18B 
0,28A+0,96B 
0,46A+0,75B 
0,67A+0,53B 
0,85A+0,32B 
03A+0,15B 


0,12A+0,88B 
0,25A+0,75B 
0,41A+0,59B 
0,59A+ 0,418 


0,88A+0,12B 


0,03A+0,68B 
0,11A+0,62B 
0,23A+0,58B 
0,87A+0,41B 
0,53A+0,29B 


0,75A + 0,25B  0,68A + 0, 1 8  B 


0,79A+0,08B 


470.  The  atteBtive  reader  cannot  but  observe,  that  all 
the  tables  of  tms  monthly  construction  must  be  very  im- 
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perfiecty  idthough  their  niUDben  are  perfectly  ttocunli^  !»• 
oBHse^  inthe  ooune  of  a  nxmth,  the  Awilinatinn  and  dis- 
tance of  the  Moon  vary,  independently  of  each  otfaor, 
through  all  their  ponible  magnitudet.  The  hwt  tiUe  is 
the  only  one  that  is  immediately  applicable,  by  interpola- 
tion. It  would  reqiure  several  tables  of  the  same  extent, 
to  give  us  a  set  of  equations,  to  be  applied  to  tbe  ori^asl 
taUe  of  art.  418 ;  and  the  computation  would  become  as 
troublesome  for  this  approximation  as  the  calculation  of 
the  exact  value,  taking  in  every  circumstance  that  can  a£> 
feet  the  question.  For  that  calculation  requires  only  the 
computation  of  two  right-angled  spherical  triangles,  pr^ 
paratory  to  the  calculation  of  the  place  of  high  water.  But, 
with  all  these  imperfections,  M.  Bemoulli'*s  second  table  is 
much  more  exact  than  any  tide-table  yet  published. 


Suish,  on  the  whole,  is  the  information  furnished  by  the 
doctrine  of  universal  gravitation  concerning  this  ciuious 
and  important  phenomenon.  It  is  undoubtedly  the  most 
irrefragable  argument  that  we  have  for  the  truth  and  uni- 
versality of  this  doctrine,  and,  at  the  same  time,  fcnr  the 
simplicity  of  the  whole  constitution  of  the  solar  system,  so 
far  as  it  can  be  considered  mechanically.  No  new  princi- 
ple is  required  for  an  operation  of  nature  so  unlike  all  the 
other  phenomena  in  the  system. 

471.  The  method  which  I  have  followed  in  the  investi- 
gation is  nearly  the  same  with  that  of  its  illustrious  dis- 
coverer. We  have  contented  ourselves  with  shewing  va- 
rious serieses  of  phenomena,  which  tally  so  well  with  the 
legitimate  consequences  of  the  theory,  that  the  real  source 
of  them  can  no  longer  be  doubted.  And,  notwithstanding 
the  various  deviations  from  those  consequences,  arising 
from  other  circumstances,  we  have  obtmned  practical  rules, 
which  make  the  mariner  pretty  well  acquainted  with  the 
general  course  of  the  tides,  sufficiently  to  put  him  on  Uf 
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i  wgmkii  Urn  imigKB  hm  nmt  hf  gBomif  iBokuUtag 
\f  wd  even  endblii^  him  Id  take  adTeMage  of  the 
•  oftlielida  ftrproMOOtiiighnvojagB*  Scillfboirsft 
a  great  ataie.ef  lood  iaTonnatkn  b  neeeaHry.  Far 
aie  aooBB  palts  of  tl»  ocean,  where  the  tidea  fisUear 
"dar  eztnoMly  odike  what  we  have  deeenbed.  The 
if  TanqviB  m  Cfabia  b  OM  of  the  aaoat  remarkafak  i 
ita  ebief  paaaUari^  conaiata  in  ita  having  bat  ana  tide 
oh  knar  day.  It  has  been  traced  to  the  oMipefadan 
ro  great  tidea,  coming  from  oppoMte  quartara,  widi 
It  aix  homa  of  cbfference  in  the  tiase  of  high  water. 
reaolt  of  which  ia,  that  the  compoimd  tida  ia  the  ec^ 
if  the  one  above  the  other,  ferminge  hig^  water  whan 
am  of  bodi  their  elevatioDa  ia  a  nuudmnm.  Dr  Hal- 
laa  given  a  very  diadoct  ezpfamation  of  diia  tide  in 
62  of  die  PhikMophioBl  Tranaactkma. 
9.  A  Tery  different  mediod  of  invealigating  thia  and 
ihr  phenomenon  has  been  empkyed  by  the  cminant 
ematirianH|  D^Akmbert  and  La  Place,  in  which  M. 
'lace,  who  makes  this  a  diief  article  of  his  Medianique 
ite,  deduces  the  whole  directly  from  the  interior  me- 
ism  of  hydrostatical  undulations.  His  main  mferencaa 
ctly  agree  mth  those  already  ddivered.  The  method 
evrton  and  Bernoulli  has  been  preferred  here,  because 
lis  means  die  connexion  with  the  operation  of  univeiu 
ravitation  is  much  better  kept  in  sight  At  the  same 
,  La  Placets  method  allows  us,  in  some  cases,  to  state 
ndividual  fact  more  nearly  aa  it  occurs,  without  con* 
lag  it  as  the  modification  of  another  fact  that  is  more 
ml.  But  it  may  be  doubted,  whether  La  Place  haa 
linad  all  the  variety  of  phenomena.  His  whde  appli- 
a  ia  limited  by  the  data  which  furnish  the  arbitrary 
titm  in  his  equadons.  These  being  wholly  taken 
die  observations  in  the  ports  of  France  and  Spain,  it 
be  questioned  whether  the  samencas,  arimg  ftom  the 
da  bang  so  near  45%  may  not  have  made  the  inge* 
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nkfos  audbor  nmplify  too  much  his  theory.  He  coottdn 
every  class  of  pheDomeoft  as  operadons  oomplelelj  acooB* 
plished,  and  the  ocean  at  the  end  of  the  actikm  cf  any  one 
of  theforoesasmastateofindiffarence,  ready  fir  the  fite 
iqperation  of  the  next  For  example,  the  equafitj  of  the 
superior  and  inferi(Hr  tides  of  one  day  is  deduced  hy  Li 
Place  immediately  from  the  drcumstai\pe  of  the  oonn 
being  of  nearly  an  uniform  depth,  saying  that  the  flooiil 
inferior  tide  is  not  affected  by  the  greatness  of  the  preoeit 
ing  superior  tide,  because  the  obstructions  are  sudi,  that 
all  motions  cease  very  soon,  almost  immediately  after  the 
finrce  has  ceased  to  act  We  doubt  the  truth  a£  the  nctr 
uniformity  of  the  sea*s  depth.  The  unequal  tides  are  con- 
fessedly most  remarkable  on  the  coasts,  where  the  depth  it 
the  most  unequal.  The  other  prindple,  that  the  effiscts  of 
primitive  motions  are  all  obliterated,  and  therefore  everj 
tide  is  the  completed  operation  of  the  present  foroe,  is  still 
more  questionable.  It  is  well  known,  that  the  roll  of  a 
great  storm  in  the  Bay  of  Biscay  is  very  sensible  indeed 
for  three  days.  Of  this  we  have  had  repeated  experience. 
The  superficial  agitation  of  a  storm  (for  it  is  no  more)  is 
nothing  in  comparison  with  the  huge  uniform  momentum 
of  a  tide ;  and  the  greatest  storm,  even  while  it  blows,  can- 
not raise  the  tide  three  feet ;  nor  does  it  even  then  change 
what  we  have  called  the  tide,  the  difference  between  high 
and  low  water ;  it  raises  or  keeps  down  both  nearly  alike. 
Besides,  how  will  M .  La  Place  account  for  the  undeniable 
duration  of  every  tide-wave  on  the  coasts  of  Europe  and 
America  for  a  day  and  a  half?  There  can  be  no  question 
about  this,  because  the  course  of  the  tides  during  a  month 
is  precisely  conformable  to  it.  The  tide  which  bears  the 
mark  of  the  perigean  tide  is  not  the  tide  which  happens 
when  the  Moon  is  in  perigeo,  but  the  third  following  that 
tide,  just  as  in  the  springs  and  neaps.  In  Uke  manner,  it 
is  observed  at  Brest,  without  one  exception  for  six  years, 
that  the  morning  or  superior  tide  at  new  Moon  is  smaller 
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dna  the  niferiar  fide  in  tummer.  In  winter  it  if  the  ood- 
tnrjr,  noT,  however,  with  nich  oonvtant  aocum^.  Now, 
it  dbould  be  juet  die  oontrarj,  if  the  tides  observed  were 
the  tides  coneqxaiding  with  the  then  slate  of  the  forces. 
But  they  are  not.  They  are  tides  corresponding  with  the 
state  of  the  ibroes  thirty-ox  hoars  before.  (See  Mem. 
Acad.  Par.  VtftO,  p.  806,  duodecimo.)  It  is  the  same  at 
full  Moon,  that  is,  the  morning  tide  in  summer  is  kss  than- 
the  evening  tide.  The  morning  tide  corresponding  to  the 
thai  state  of  the  forces  is  what  we  have  called  an  mferior 
tide,  the  Moon  b^ng  then  und^  the  horixon,  with  south 
declination.  The  tide,  therefore,  should  be  greater  than 
the  subsequent  or  evening,  or  supericnr  tide.  But,  like  the 
last  example,  it  is  the  tide  oMrrespooding  to  the  forces  in 
action  thirty-six  hours  before.  Can  we  now  deny  that 
the  present  state  of  the  waters  is  affected  by  the  action  of 
forces  which  have  ceased  thirty-six  hours  ago  ?  and  if  this 
be  granted,  it  is  in^possiUe  that  two  tides  immediately  suc- 
ceeding can  be  very  unequaL  The  contrary  can  be  shewn 
in  an  experiment  perfectly  resembUng  the  great  tides  of 
the  ocean.  An  apparatus,  made  for  exhibiting  the  appear- 
ance of  a  reciprocating  spring,  was  so  constructed,  that 
one  of  its  runnings  was  very  sudden  and  copious,  and  the 
next  was  moderate  and  slow.  It  emptied  into  a  small  ba- 
Mn,  which  communicated  with  a  long  aud  narrow  horizon- 
tal channel,  shut  at  the  far  end,  the  basin  emptying  itself 
by  a  small  spout  on  the  opposite  side.  Thus,  two  very 
unequal  floods  and  ebbs  presdited  themselves  at  the  mouth 
of  this  channel,  and  sent  a  wave  along  it,  which,  at  the 
first,  was  very  unequal.  But  when  it  was  mixed  with  the 
zetuming  wave  from  the  far  end,  they  were  soon  brought 
to  an  apparent  equality.  The  experiment  appearing  cu- 
rious, it  was  prosecuted,  by  various  changes  of  the  appa- 
ratus;  and  several  effects  tended  very  much  to  explain 
someof  the  more  singular  appearances  of  the  tides.  There 
is  an  example  of  the  continuance  of  former  impresttms  in 
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di0  tidit  aaioiif  ttie  weftem  Umdi  of  BooAndt  dik  «^ 
adttiUy  nMmbks  the  tid0  on  the  bar  of  Tonqokk  Ik 
gannd  oounle  of  the  iood  nmnd  tlie  littb  id«li«f  BdL 
Bcnj  IS  N.E.  and  that  ctf  the  ebb  »  &W.  Botataeff. 
tarn  time  in  the  aprin^  both  flood  and  ebb  not  H.!.  dn- 
ling  twdve  hoursi  and  the  nest  flood  and  ebb  ran  SpW. 
The  eontfary  happena  in  autonin.  Yet  in  the  nflag,  At 
flood  nod  ibbhc^  their  fcgolar  conraea.  TUa  gimlj 
naeaiUea  die  tide  at  Tonquili^  and  also  die  Qiedan  A^ 
lipua^ 

473.  The  teader  win  reeoUeet  that  we  atnted,  to  oar 

«iaaion»  that,  m  coniequenoe  of  the  inertim  of  the  wat«% 

the  pole  of  the  ocean  b  idways  to  the  eastward  of  its  tli» 

letieal  place.    For  which  reason,  the  %iire  netoailjrsiu 

tained  by  the  ooean  is  not  a  figure  of  equilibralion.    Did 

the  Earth  stand  still,  it  would  soon  be  brought  to  its  pro» 

per  poation,  and  completed  to  its  due  ferm.    thadhn^ 

diere  is  always  a  motion  tofofords  this  colnpletion ;  and  Ml 

moliofi  U  obstmeied.    Hence  we  appr^iend,  that  there 

must  be  a  perpetual  current  of  the  waters,  eqsedaUy  ia 

the  tropical  regions,  from  east  to  west    We  cannot  see 

how  this  can  be  avoided ;  and  we  think  that  it  is  erta- 

blished  as  a  matter  of  nautical  observation.     In  legsid  to 

the  Atlantic,  this  seems  to  be  a  general  opinion  of  the  na» 

▼igatorSb    There  are  two  very  exoeUent  journals  of  voy«* 

ages  from  Stockholm  to  China,  by  Captain  Eckhart,  in 

which  there  is  a  very  frequent  comparison  of  the  ship^ 

reduming  with  lunar  observations  and  the  arrivals  ott 

known  coasts,  from  which  we  cannot  help  inferring  the 

same  general  current  in  the  Indian  and  Ethiopic  seas.    It 

seems,  therefore,  to  obtain  over  the  whole.    The  part  of 

this  current  whidi  diffuses  itself  into  the  AUantic  is  bat 

small,  it  having  a  freer  passage  straight  forward.    But  the 

part  dius  diffbsed  produces  the  gulf  stream,  in  its  wsj 

along  the  American  coasts,  and  escapes  round  die  nordi 

eapes  of  Europe  and  America.   In  all  probdbifily^  aMiAb* 
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oly  cmmit  nqr  he  olnertad  in  the  ftniti  whkh  igMumtr 
AsMriet  Aom  tha  Aaatic  oGndneiit.  The  whole  amouBt 
of  thb  motion  eannot  be  coosideniUe,  but  there  must  be 
aomO)  if  thete  he  two  cucumpclttr  oommunicatioiis  between 
the  gfeat  eestem  end  we^em  diviaont  of  the  ocean.  With- 
out tins,  it  murt  be  reduced  to  a  ledproeadng  motion  too 
intricate  for  inreitigation, 

474.  Thoe  la  another  cizcumatanoe  wUch  leemt  to 
alDpi^tben  onr  confidence  in  the  reality  of  this  westerly 
eurroit  of  the  ocean.  The  gravity  of  the  watars  being 
more  diminished  in  conjunction  and  oppomtion  than  it  ik 
avigmented  in  quadrature  inth  the  acting  luminary,  eadi 
particle  tends  to  recede  from  the  centre,  and  to  describe  a 
larg^  circle,  employing  a  longer  time.  Here  is  a  tenden- 
cy ot  nUui  to  a  reUtive  motion  westerly.  Water,  b^ng 
fdmost  perfectly  fluid,  will  obey  this  tendency,  and  in  time 
aoquine  sueb  a  motion,  were  it  not  obstructed  by  sdiid  ob- 
stacles. But  some  effect  must  remain,  too  intricate  to  ad- 
nut  any  calculation,  and  perhaps  not  ultimately  senable. 

47&  If  the  bdight  of  the  atmosphere  be  equal  to  the  ra- 
dius of  the  Earth,  we  shall  have  a  tide  in  the  ait  double  of 
that  in  the  ocean.  When  all  the  affecting  circumstances 
are  oonadered,  it  appears  that  an  ebb  and  flood  of  the  at- 
mosphere may  differ  in  elevation  about  ISO  feet  This 
Plight  be  sen»ble  by  affecting  the  barometer.  True,  the 
gravi^  of  the  mercury  is  also  diminished,  but  not  so  much 
aa  that  of  the  more  distant  air.  But  the  height  of  the  at- 
mosphere is  too  small  to  give  rise  to  any  such  tides.  They 
cannot  sensibly  exceed  those  of  the  ocean,  and  this  cannot 
chaoge  the  h^ght  of  the  mercury  in  the  barometer  ji^  of 
aa  inch.  Professor  Toaldo  at  Padua  kept  a  register  of  the 
barometer  for  more  than  thirty  years.  He  has  added  into 
one  sum  all  the  mercurial  hoghts  observed  at  new  Moon. 
Another  sum  was  made  of  all  the  hdghts  observed  in  tt|e 
quadratures ;  another  of  the  perigean ;  and  another  of  the 
ipogean  hdgbts,  &c.  fcc.     He  thinks  that  differences  were 
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libMrrad  in  thoie  tumi  niflkaoit  fir  ppafiug  tbt 
kdooMMl  oompreMOD  of  die  air  by  iti  .wnquri  giwifc' 
ticm  to  the  Moon.  Thmtheepogean  heights  wrpwM  At 
perigean  bj  14  indiet.  The  heights  in  Bjmigf  csoeeded 
those  in  quadrature  by  11  indies.  (See  Mum,  Bofin^ 
ITHy  and  a  book  exprady  on  the  sutgect) 

But  there  is  another  effect  of  this  disturbing  fixce  lAiA 
may  be  mudi  more  sensible,  namely,  the  general  westedf 
current  of  die  air.  M.  ITAIembert  has  inrestigated  dsi 
with  great  care,  and  angular  address,  and  has  prored  thtt 
there  must  be  a  westeriy  current  in  the  tropical  region^  st 
the  rate  of  dgfat  feet  nearly  in  a  second.  This  is  a  foy 
adequate  cause  of  the  trade  winds  whidi  are  obsenred  be- 
tween the  tropics.  It  is  indeed  increased  by  die  rarste- 
tionoftheair  oocadoned  by  the  heat  of  the  Sun,wUdi 
eiqDands  the  air  heated  by  the  ground,  and  it  is  both  railed 
and  diffused  latterly.  When  the  Sun  has  passed  themeri- 
dian  a  proper  number  of  degrees,  the  air  must  now  cool, 
and  in  cooling  contract  behind  the  Sun.  Air  from  the  east 
comes  in  greater  abundance  than  from  any  odier  quarter 
to  supply  the  vacancy. 

476.  The  disk  of  Jupiter,  when  viewed  through  a  good 
tdescope,  is  distinguishable  into  zones,  like  a  Ut  of  striped 
satin.  These  zones,  or  belts,  are  of  changeable  breadth 
and  position,  but  all  parallel  to  his  equator.  Thoefiiie 
they  are  not  attached  to  his  surface,  but  float  cm  it,  as  douds 
float  on  our  atmosphere.  This  Earth  will  have  somewhat 
of  this  appearance,  if  viewed  from  the  Moon ;  for  eadi  A 
mate  has  a  state  of  the  sky  peculiar  in  some  degree  to  it- 
self in  this  respect,  and  there  must  be  a  sort  of  sameness 
in  one  climate  all  round  the  globe.  A  series  of  obsora- 
tions  on  a  particular  spot  of  Jupiter's  surface  demonstrste 
his  rotation  in  9*^  56\  Spots  have  been  observed  in  the 
bdts,  which  have  lasted  so  long  as  to  make  several  revolu- 
tions before  they  were  effaced.  They  appcBi  to  require  a 
minute  or  two  more  for  their  rotation,  and  therefore  have  a 
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westedy  iMlioii  nfaidte  to  die  finn  tur&oe  <^  Ae  pinet 
This,  bomvcr,  anmot  be  dqpended  oo  fioiiL  the  time  of 
their  raletion.  But  a  few  obeervatioiiB  have  beeo  had  of 
qpolB  in  the  iddmly  of  the  fixed  spot  of  his  sui&oe,  and 
here  the  rdatiTe  motbn  westward  was  distinctly  observed. 
M.  Schroeter  at  Manheim  has  observed  the  atmosphere  of 
Jupiter  with  great  care,  and  finds  it  exceedin^y  TariaUe  ; 
and  spots  are  observed  to  diange  their  atuatioos  with 
amasing  nqpidity,  with  great  irregularity,  but  most  coow 
monly  eastward.  The  motions  and  changes  are  so  rapid, 
and  so  extensive,  that  we  can  scarcely  consider  them  as  the 
transference  of  matter  from  one  place  to  another.  They 
more  resemble  the  changes  whidi  happen  in  our  atmo- 
^here,  which  are  som^imes  progressive,  over  a  great  tract 
of  the  country.  The  stonn  in  1772  was  felt  from  Siberia 
to  America  in  succession.^  The  gale  blew  from  the  west, 
but  the  dwniral  operation  which  produced  it  was  in  the 
opposite  <flKction,  being  first  observed  in  Siberia.  Three 
days  afterward,  it  was  felt  at  St  Petersburg ;  two  days  after  , 
this,  at  Berlin ;  two  days  more,  it  was  in  Britain  ;  and  se- 
ven days  after,  it  was  felt  in  North  America.  Here  then, 
while  a  spectator  on  the  earth  saw  the  clouds  moving  to 
the  eastward,  a  spectator  in  the  Moon  would  see  the  change 
of  appearance  proceed  from  east  to  west  The  motions  in 
the  atmosphere  of  Jupiter  must  be  very  complicated,  be- 
cause they  are  the  joint  operation  of  four  satellites.  The 
inequality  of  gravitation  to  the  first  satellite  must  be  veiy 
great.  And  as  each  satellite  produces  a  peculiar  tide,  the 
combination  of  all  tb^  actions  must  be  very  intricate. 
We  can  draw  no  conduoons  from  the  variable  spots,  be* 
cause  their  change  of  place  is  no  proof  of  the  actual  trans, 
ference  of  matter. 

Such  a  relative  motion  in  our  atmosphere  and  in  the 
oQ^an  may  affect  the  rotation,  retarding  it,  by  its  action  <m 
the  eastern  surface  of  every  obstacle.  Yet  no  change  is 
observed.   .  The  year,  and  the  periods  of  the  planeU,  in  the 
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time  of  Ptokngs  si^  ^^  ^un^  ^^  ^  ('"■■■^  tbAii^ 
ccmtiin  the  same  number  of  lotatioiii  of  llie  Evth.  Fa: 
hapB  a  oompensatioii  b  maintained  by  thb  mwnii  £br  the 
acceleration  that  should  ariie  from  the  tnuiafennoe  of  aol 
from  thie  high  land  to  the  bottom  of  the  sea,  where  it  u 
moving  round  the  axis  with  diminishfd  velocitj. 

477.  With  this  we  conclude  our  aooount  of  phyacd  n- 
tronomy— «  department  of  natural  philosc^y  whidi  sfaoald 
ever  be  cherished  with  peculiar  affection  by  all  who 
well  of  human  nature.  There  is  none  in  which  the 
to  well-founded  knowledge  seems  so  effectually  bancd 
against  us ;  and  3ret  there  b  none  in  which  we  haTe  made 
such  unquestionable  progress— none  in  which  we  have  as- 
quired  knowledge  so  uncontrovcrtibly  supported,  or  m 
complete.  How  much  therefore  are  we  indebted  to  the 
man  who  laid  the  magnificent  scene  open  to  our  view,  and 
who  gave  us  the  optics  by  which  we  can  exanupe  its  most 
extensive  and  its  most  minute  parts  f  For  Newton  not 
only  taught  us  all  that  we  know  of  tlie  celestial  mechanisiiiy 
but  also  gave  us  the  mathematics,  without  which  it  wouU 
Jhave  remained  unseen. 


"  Tu  Pater  et  rerum  Inventor.     Tu  patria*iiDbu 
"  Suppeditas  pnecepta,  tuisque  ex  inclyte  dnrtia 
*'  Floriferis  ut  apes  in  laltibus  omnia  libant, 
"  Omnia  nos  itidem  depascimur  aurea  dicta 
*'  Aurea,  perpetu^  semper  dignissima  vita." 

Lucretius. 

For  surely  the  lessons  are  precious  by  which  we  are  taught 
a  system  of  doctrine  which  cannot  be  shaken,  or  share  that 
fluctuation  which  has  attached  to  all  other  speculations  of 
curious  man.  But  this  cannot  fail  us,  because  it  is  nothii^ 
but  a  well^rdered  narration  of  facts,  presenting  the  events 
of  nature  to  us  in  a  way  that  at  once  points  out  their  sub- 
ordination, and  most  of  their  relations.  While  the  magni- 
ficence of  the  objects  commands  respect,  and  perhaps  raises 
our  opinion  of  the  excellence  of  human  reason  as  high  as 
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18  joitifiaUe,  we  should  ever  keep  in  mind  that  Newton'^s 
suocesB  was  olrmg  to  die  modesty  of  his  procedure.  He 
peremptorily  reusted  all  disposition  to  speculate  beyond 
the  province  of  human  inteDect,  conscious  that  all  attain- 
able scioioe  consisted  in  carefully  ascertaining  nature's  own 
laws,  and  that  every  attempt  to  explun  an  ultimate  law  of 
nature,  by  assigning  its  cause,  is  absurd  in  itself,  against 
the  acknowledged  laws  of  judgment,  and  will  most  certain- 
ly  lead  to  error.  It  is  only  by  following  his  example  that 
we  can  hope  for  his  success. 

It  is  surely  another  great  recommendation  of  this  branch 
of  natural  philosophy,  that  it  is  so  simple.  One  single 
agent,  a  force  decreasing  as  the  square  of  the  distance  in* 
creases,  is,  of  itself,  adequate  to  the  production  of  all  the 
ipovements  of  the  solar  system.  If  the  directicm  of  the  pro- 
jection do  not  pass  through  the  centre  of  gravity,  the  body 
will  not  only  describe  an  ellipse  round  the  central  body, 
but  will  also  turn  round  its  axis.  By  tlus  rotation,  the  bo- 
dy will  alter  its  form ;  but  the  same  power  enables  it  to  as- 
sume a  new  form,  which  is  perfectly  symmetrical,  and  is 
permanent.  This  new  form,  however,  in  consequence  of 
the  universality  of  gravitation,  induces  a  new  motion  in  the 
body,  by  which  the  position  of  the  axis  is  slowly  changed, 
and  the  whole  host  of  heaven  appears  to  the  inhabitants  of 
this  Earth  to  change  its  motions.  Lastly,  if  the  revolving 
planet  have  a  covering  of  fluid  matter,  this  fluid  is  thrown 
into  certain  regular  undulations,  which  iure  produced  and 
modified  by  the  same  power. 

Thus  we  see  that,  by  following  the  simple  fact  of  gravi- 
tation of  every  particle  of  matter  to  every  other  particle, 
through  all  its  complications,  we  find  an  explanation  of  al- 
most every  phenomenon  of  the  solar  system  that  has  en- 
gaged the  attention  of  the  philosopher,  and  that  nothing 
more  is  needed  for  the  explanation.  Till  we  were  put  on 
this  track  of  investigation,  these  different  movements  were 
solitary  facts ;  and,  being  so  extremely  unlike,  the  wit  of 
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man  would  cerUinlj  have  attonpted  to  a^Um  tton  If 
caiues  equally  dianmilar.  The  hapfiy  cletdjiiun  of  HkiB 
mofiit  and  eanly^obserred  principle^  by  a  gemas  qiialifed 
for  following  it  into  its  TarioiiB  oonaequencesy  haa  ined  as 
fiom  numberless  I  arors,  into  wluch  we  must  hanro  aoad- 
nually  run  while  pertinaciously  proceeding  in  an  iasproper 
path.  But  this  detection  has  not  merely  saved  us  inm  mv 
on,  but,  which  is  most  remarkable,  it  has  brought  into 
view  many  circumstances  in  the  phenomena  themsdve% 
many  peculiarities  of  motion,  which  would  never  have  been 
observed  by  us,  had  we  not  gotten  this  monitor,  pmnting 
out  to  us  where  to  look  for  peculiarities.  We  should  never 
have  been  able  to  predict,  with  such  wonderful  predsioa, 
the  complicated  motions  of  some  of  the  planets,  had  we  not 
had  this  key  to  all  the  equations  by  whidi  every  deviation 
finom  regular  elliptical  motion  is  expressed. 

On  all  these  accounts,  physical  astronomy,  or  the  me- 
chanism of  the  celestial  motions,  is  a  beautiful  departoient 
of  science.  I  do  not  know  any  body  of  doctrine  so  compre- 
hennve,  and  yet  so  exceedingly  simple  ;  and  this  omsider- 
ation  made  me  the  more  readily  accede  to  those  reasons  of 
sdentific  propriety  which  point  it  out  as  the  first  article  of 
a  course  of  mechanical  philosc^hy.  Its  simplidty  makes  it 
easy,  and  the  exquisite  agreement  with  observation  makes  it 
a  fine  example  of  the  truth  and  competency  of  our  dynam- 
ical doctrines. 

478.  But  it  has  other  recommendations,  of  a  far  greater 
value.  Nothing  surely  so  much  engages  a  heart  possessed 
of  a  proper  sensibility,  as  the  contemplation  of  order  and 
hannony.  No  philosophy  is  requisite  for  being  susceptible 
of  this  impression.  We  see  it  influence  the  conduct  of  the 
most  uncultivated.  What  else  does  man  aim  at  in  all  the 
bustle  of  cultivated  society  ?  Nay,  even  the  savage  makes 
some  rude  aim  at  order  and  ornament. 

But  what  we  contemplate  in  the  solar  system  b  aomethii^ 

more  than  mere  order  and  symmetry,  such  as  may  be  ob- 

1^   jerred  in  a  fine  spe^meu  oC  crj%\a\.^7A^cM\.    The  order  of 
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the  tokr  qrrtem  tt  made  up  of  many  palpable  nidifft^^ 
wbae  we  see  cne  tluDg  plainly  done  for  the  sake  of  another 
thing:  And,  to  render  this  Btill  more  interesting,  a  manip 
fest' uglify  appeanin  eyery  ctrcumatanoe  of  the  constitution 
of  the  system,  as  far  as  we  understand  its  apj^cability  to 
what  we  eooeeiYe  to  be  useful  purposes.  We  can  mean 
nothing  by  utility  but  the  subsenriency  to  the  enjoyments 
of  sentient  beings.  Our  cqvportunities  for  observations  of 
this  kind  are  no  doubt  very  limited,  confined  to  our  own 
sublunary  habitation.  But  this  circumscribed  scene  of  ob- 
servation is  even  crowded  with  examples  of  utility.  Surdy 
it  is  unnecessary  to  recall  our  attention  to  the  numberless 
adaptations  of  the  systematic  connexion  with  the  Sun  and 
Moon  to  the  continuance  and  the  diffusion  of  the  means  of 
animal  life  and  enjoyment  As  our  knowledge  of  the  ce« 
lestial  phenomena  is  enlarged,  the  probalnUty  becomes 
strange^  that  othor  planets  are  also  stiMred  with  inhabitants 
who  share  with  us  the  Creatcxr^s  bounty.  Thdr  rotation, 
and  the  evident  changes  that  we  see  going  on  in  thdr  at* 
mospheres,  so  much  resemble  what  we  experience  here, 
that  I  ima^ne  that  no  man,  who  clearly  conceives  them, 
can  riiut  out  the  thought  that  these  planets  are  inhabited 
by  sentient  beings.  And  there  b  nothing  to  forbid  us  from 
supposing  that  there  is  the  same  inexhaustible  store  of  sub* 
ordinate  contrivance  for  their  accommodation  that  we  see 
here  for  living  creatures  in  every  situation,  with  appropri- 
ate finrms,  desires,  and  abilities.  I  fear  not  to  appeal  to 
the  heart  of  every  man  who  has  learned  so  much  of  the  ce- 
lestial phenomena,  even  the  man  who  scouts  this  ojmiion, 
whether  he  does  not  feel  the  disposition  to  entertmn  it 
And  I  insist  on  it,  that  some  good  reason  is  required  for 
rejecting  it. 

479.  When  beholding  all  this,  it  is  impossible  to  pie- 
vent  the  surmise,  at  least,  of  purpose,  derign,  and  contriv* 
anoe,  from  arising  in  the  mind.  We  may  try  to  shut  it 
ou^— We  may  be  convinced,  that  to  allege  any  purpose  as 
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aa  argument  for  the  reality  of  any  disputed  Act^  is  aguut 
the  rules  of  good  reaaoning,  and  that  final  camea  are  im- 
proper  topics  of  argument.  But  we  cannot  hinder  the  ana- 
tomist, who  observes  the  exquisite  adaptation  of  efocy  cir* 
cumstance  in  the  eye  to  the  forming  and  r^idcraig  tind 
and  distinct  a  [ncture  of  external  objects,  from  bdeving 
that  the  eye  was  made  for  seeing— <nr  the  hand  fiir  haod- 
ling.  Nather  can  we  prevent  our  heart  from  suggesting 
the  thought  of  transcendent  wisdom,  when  we  contemplate 
the  exqmsite  fitness  and  adjustment  which  the  mpchaniwi 
of  the  solar  system  exhibits  in  all  its  parts. 

480.  Newton  was  oertunly  thus  afiected,  when  he  took  a 
oonndergte  view  of  all  his  own  discoveries,  and  percttved  the 
afanost  eternal  order  and  harmony  which  results  from  the 
simple  and  unmixed  operation  of  universal  gravitation. 
This  single  fact  produces  all  this  fur  order  and  utility- 
Newton  was  a  mathematician,  and  saw  that  the  law  of  gra- 
vitadon  observed  in  the  system  is  the  only  one  that  can  se- 
cure the  continuance  of  order.  •  He  was  a  philosopher,  and 
saw  that  it  was  a  contingent  law  of  gravitation,  and  mi^t 
have  been  otherwise.  It  therefore  appeared  to  Newton,  as 
it  would  to  any  unprejudiced  mind,  a  law  of  gravitation  se- 
lected as  the  most  proper,  out  of  many  that  were  equally 
possible;  it  appeared  to  be  a  choice,  the  act  of  a  nund, 
which  comprehended  the  extent  of  its  influence,  and  intend- 
ed the  advantages  of  its  operation,  being  prompted  by 
the  desire  of  giving  happiness  to  the  works  of  almighty 
power. 

Impressed  with  such  thoughts,  Newton  breaks  out  into 
the  following  exclamation,  ^  EkgafMssima  hascce  compages 
*  Sotis  Planetarum  et  Comeiartim^  non  nisi  connlio  el  do- 
^  minio  Entis  cujusdam  potentis  et  intelligentis  oriripO' 
<  iuit  Hcsc  omnia  regit  ^  non  ut  anima  mundi^  sed  ui  tifii- 
^  versorum  Dominus  mundorum.  Et  propter  dominium 
^  Dominus  Deus,  n«»r««e«riv^,  dtci  sclet,    Deitas  est  dami^ 
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*  fuUSo  D^  ^wn  tfi  coTfUi  propriumj  uH  imimni  quibuM 

These  were  the  effumons  of  dsa  affiectioiiate  heart,  sympa- 
thising  with  the  enjoyment  of  those  who  shared  with  him 
the  advantages  of  th»r  situation.  Yet  Newton  did  not 
know  the  foil  extent  of  the  harmony  that  he  had  discovered. 
He  thought  that,  in  the  course  of  ages,  things  would  go 
into  disoider,  and  need  the  restoring  hand  of  God.  But, 
as  has  been  ahready  observed,  De  la  Grange  has  demon- 
strated that  no  such  disorder  will  happen.  The  great- 
est deviations  from  the  most  r^ular  motions  ^dll  be  ahnoet 
insennble,  and  they  ore  all  periodical,  waning  to  nothing, 
and  agmn  rimng  to  their  small  maximum. 

481.  These  are  surely  pteasing  thoughts  to  a  cuMvated' 
mind.  It  is  not  surprunng  therefore  that  men  of  affeotx»w 
ate  hearts  should  too  fondly  indulge  them,  and  that  they 
should  sometimes  be  mistaken  in  their  notions  of  the  pui^ 
poses  answered  by  some  of  the  infinitely  varied  and  com- 
plicated ^enomena  of  the  universe.  And  it  would  be  no- 
thing but  what  we  have  met  with  in  other  paths  of  specula- 
tion, should  we  see  them  connder  a  subserviency  to  this  fan- 
cied purpose  as  an  argument  that  an  operation  of  nature  is 
effected  in  one  way,  and  not  in  another.  In  this  way,  the 
employment  of  final  causes  has  sometimes  obstructed  the 
progress  of  knowledge,  and  has  been  productive  of  error. 
But  the  impropriety  of  this  kind  of  argumentation  proceeds 
chiefly  from  the  great  chance  of  our  being  mistaken  with 
respect  to  the  aim  of  nature  on  the  occasion.  Could  this 
be  properly  established  as  a  fact,  and  could  the  subservien- 
cy of  a  precise  mode  of  accomplishing  a  particular  opera- 
tion be  as  clearly  made  out,  I  apprehend  that,  however  un- 
willmg  the  logician  may  be  to  admit  this  as  a  good  reason, 
he  cannot  help  feeling  its  great  force.  That  this  is  true,  is 
plain  from  the  rules  of  evidence  that  are  admitted  in  all 
courts ;  where  a  purpose  being  proved,  the  subserviency  of 
a  cerUun  deed  to  that  purpose  is  allowed  to  be  evidence  that 
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this  was  the  intention  in  the  conumMMm  of  diet  dfeadL  It 
is,  however,  very  jmAy  indeed  thai  mich  agamait  cn.he 
used,  or  that  it  is  wanted,  and  it  nevar  supenedkadie  in- 
vestigation of  tUe  efficient  cause. 

482.  But  speculative  men  have  of  late  yean  shewaa 
wonderful  hostility  to  final  causes.  Lord  Baeon  had  laid, 
more  wittily  than  justly,  thai  all  use  of  final  eauaet  ahould 
be  banished  from  philosoi^y,  because^  *  like  Vestals^  they 
,produoe  nothing.'  Thb  is  not  historically  true ;  ibr  much 
has  been  discovered  by  researdies  conducted  emiirdjf  bjr 
noticxis  of  final  causes.  What  other  evidence  have  we  for 
all  that  we  know  concerning  the  nature  of  man  ?  Is  not 
this  a  part  of  the  book  of  Nature,  and  some  of  its  moil 
l^e^tiful  pages  ?  We  know  them  only  by  the  appearances 
ofidesgn,  that  is,  by  the  adaptations  of  things  in  evident 
spbsprviency  to  certmn  results.  Are  there  no  sudi  adiqp^ 
taticns.to  be  seen,  except  in  the  works  df  man  P  Nature  is 
crowded  with  them  on  every  hand,  and  some  of  her  most 
important  operations  have  been  ascertmned  by  attcn^Dg  to 
them.  Dr  Harvey  discovered  tlie  circulation  of  the  hhiod 
in  this  very  way.  He  saw  that  the  valves  in  the  arteries 
and  veins  were  constructed  precisely  like  those  of  a  douUe 
forcing  pump,  and  that  the  muscles  of  the  heart  were  also 
fitted  for  an  alternate  systole  and  diastole,  so  correspondBng 
to  the  structure  of  those 'valves,  that  the  whole  was  fit  £or 
performing  such  an  office.  With  boldness  therefore  he  as- 
serted that  the  beatings  of  the  heart  were  the  strokes  of 
this  pump ;  and,  laying  the  heart  of  a  living  animal  open 
to  the  view,  he  had  the  pleasure  of  seeing  the  alternate  ex^ 
pansion  and  contractions  of  its  auricles  and  ventricles,  ex* 
actly  as  he  had  expected.  Here  was  a  discovery,  as  curious, 
as  great,  as  important,  as  universal  gravitation.  In  precisely 
the  same  way  have  all  the  discoveries  in  anatomy  and  phy-> 
siology  been  made.  A  new  object  is  seen.  The  discoverer 
immediately  examines  its  structure— why  ?  To  see  what 
it  can  perform ;  and  if  he  sees  a  number  of  coadaptations  to 
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•  pftipuhrpmpqiei  be  doea  not  henUts  to  say^  *dniii 
Utpmpote.*  HeliMa  oAen  been  miaUkeii';  bnttbemifr 
tilut'luva  baea  gndtuUy  ontected— how  ?  Bj  diacovtr- 
in^  wfaot  u  the  real  •tructuie,  sod  what  the  thing  it  retSif 
fit  for  peribmeg'  The  autcnDut  oerer  imagiiwa  that 
what  be  hai  diMovmcd  is  of  do  un.* 

468.  So:ftt  therefore  from  banidiin^  the  oonaidentioD 
of  final  C8IUG8  from  our  ducuBuooi,  it  would  look  more  Uke 
I^uloaopbj,  more  like  the  love  of  tnie  wiadem,  and  it  would 
taste  hm  of  an  idle  cuiiouty,  were  we  to  multiply  our  i«. 
Marches  io  those  depacbnenta  of  nature  wfaos  final  cauasa 
are  the  cluef  objects  of  our  attentkn — the.  ftnictim  nA 
moaaoaiy  of  oi^puused  bodies  in  the  aaJaial  -and  regetaUf 
kingdonu.  I  cannot  help  remarking,  with  ngai,  that  ^ 
late  years,  the  taste  of  naturalists  has  greatly  changad^  and, 
io  my  humble  opinion,  for  the  worse.  The  study  of  inert 
matter  has  supplanted  that  c^  animal  life.  Chemistry  and 
mineralogy  are  almost  the  sole  objects  of  attentum.  Nay, 
the  ruins  of  nature,  the  shattered  relics  of  a  fonoer  world> 
aeeras  a  more  engaging  o^ect  than  the  numberless  beautiea 
that  now  adore  the  present  surface  of  our  globe.  I  acknofv 
ledge  that,  even  in  those  inanimate  works,  God  has  not  left 
lumsdfwithouta witness.  Yetsurelywedonot,in thebowds 
of  the  £arth,  nor  even  in  ihe  curious  operations  of  chani' 
cal  afinity,  see  so  palpably,  or  so  pleasantly,  the  inecHnpre- 
hensible  wisdom  and  the  prorideotial  beneficence  o£  the 
Father  of  all,  as  in  tlie  animated  objects  of  nfture. 

It  is  not  easy  to  account  for  it,  and  perhaps  Ihe  explana- 
tKMi  would  not  be  very  agreeable,  why  maoy  naturalists  so 


"  I  would  earaeidy  ncommend  to  my  jonng  mderi  ■ome  exenUeiit 
icmaiki  DD  the  vgaipent  of  final  oiiKi  (wUhont  which  Clceie 
dicnigbt  thst  there  ii  no  philowplij)  In  the  pre&ee  by  tlw  editor  of 
Derham's  Ph^ico- Theology,  pnbliihed  at  London  In  1TB8.  Hetboti 
emudera  the  proper  province  of  thli  ugiiment,{to  tue,aiidlncuitiau 
sbuM,  with  the  greaiat  perspicuil]'  sad  Judgment. 
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fastidiously  avoid  such  views  of  nature  as  tend  to  lead  die 
mind  to  the  thoughts  of  its  Author.  We  see  tbem  even 
anxious  to  weaken  every  argument  for  the  .appeanooe  of 
design  in  the  construction  and  operations  of  natuie.  One 
should  think,  that,  on  the  oontraiy,  such  appearance  wiwUl 
be  most  welcome,  and  that  nothing  would  be  man  dreary 
and  comfortless  than  the  belief  that  chance  or  fiile  rules  all 
the  events  of  nature. 

464.  I  have  been  led  into  these  reflectioDS  by  reading  a 
passage  in  M.  de  la  Placets  beautifiil  Synopsis  of  the  New- 
tonian Philosophy,  published  by  him  in  1796,  under  die 
title  of  Syitime  du  Motide.    In  the  whole  of  this  work,  the 
author  misses  no  opportunity  of  lessening  the  impresskm 
that  might  be  made  by  the  peculiar  suitableness  of  any  cir- 
cumstance in  the  constitution  of  the  solar  system  to  render 
it  a  scene  of  habitation  and  enjoyment  to  sentient  beings^ 
or  which  might  lead  the  mind  to  the  notion  of  the  system^s 
being  contrived  for  any  purpose  whatever.    He  scxnetimes, 
on  the  ccmtrary,  endeavours  to  shew  how  the  aUeged  pur- 
pose may  be  much  better  accomplished  in  some  other  way. 
He  labours  to  leave  a  general  impression  on  the  mind,  that 
the  whole  frame  is  the  necessary  result  of  the  primidve  and 
essential  properties  of  matter,  and  that  it  could  not  be  any 
thing  but  what  it  is.     He  indeed  concludes,  like  the  illus- 
trious Newton,  with  a  survey  of  all  that  has  been  dcme  and 
discovered,  followed  by  some  reflections  suggested  (as  he 
says)  by  this  purvey. 

*<  Astronomy,^  says  M.  de  la  Place,  "  in  its  present 
**  state,  is  unquestionably  the  most  brilliant  specimen  of  the 
*^  powers  of  the  human  understanding.'"  He  docs  not,  how- 
ever, tell  us  this  is  so  manifest.  He  docs  not  say  how  that 
this  object,  which  has  engaged,  and  so  properly  occupied  this 
fine  understanding,  has  any  thing  to  jusUfy  the  choice, 
either  on  account  of  its  beautiful  symmetry,  or  exquisite 
contrivance,  or  multifarious  utility ;  or,  in  short,  that  it  is 
an  object  that  U  worth  looking  at     But  he  gives  us  to  un- 
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dentandy  llvft  artroaomy  has  now  taii^^t  us  hfow  much  we 
were  BUtakoii  in  tKmlnng  ounelTeB  an  impcrtant  part  of 
the  univcne,  for  whoae  aoooounodation  mndi  has  been 
done;  as  if  we  were  oligects  of  peculiar  care.  But  we  have 
beenpunished,  sqrs  he»  for  these  mistaken  nodoos  of  self- 
importance,  by  the  foolish  anxiedes  to  which  thej  have 
g^ven  rise,  and  bjr  the  subjugation  to  which  we  have  sub- 
mittedy  wfaik- under  the  influence  c^  these  superstidoos 
terroTB.  Mislnkingour  lekdons  to  the  rest  of  the  universe, 
social  order  has  been  suj^posed  to  have  other  fixmdatkxis 
than  justice  and  truth,  and  an  abominable  maxim  has  been 
admitted,  that  it  was  sometimes  useful  to  deceive  and  to 
subdue  mankind,  in  order  to  secure  the  hsppneas  of  so* 
ciety.  But  nature  resumes  her  nghtfl^  and  crud  expe* 
rienoe  has  shewn  that  she  will  not  allow  those  sacred  laws 
to  be  broken  with  impunity. 

485.  I  think  it  will  require  some  investigation  before  we 
can  find  out  what  connesdon  there  is  between  the  disco- 
veries of  Sit  Isaac  Newton,  and  this  mysterious  detection 
that  M.  de  la  Place  has  at  last  deduced  from  the  survey. 
It  is  communicated  in  the  dark  words  of  an  oracle,  and  we 
are  left  to  interpret  for  oursdives.  I  can  affix  no  meaning 
but  this,  that  ignorance  and  self-concdt  have  made  us  inuu 
gine  that  this  Earth  is  the  centre,  and  the  principal  object  of 
the  universe,  and  that  all  that  we  see  derives  its  value  from 
its  subserviency  to  this  Earth,  and  to  man  its  chief  inhabit- 
ant.  We  fondly  imagined,  that  we  are  the  objects  of  pe- 
culiar  care,-»that  it  is  for  us  that  the  magnificent  spectacle 
is  di^layed,— ^and  that  our  fortunes  are  to  be  read  in  the 
starry  heavens.  But  it  is  now  demonstrated  that  this  Earth, 
when  compared,  even  with  some  single  objects  of  our  sys- 
tern,  is  but  like  a  peppercorn.  The  whole  system  is  but 
as  a  point  in  the  universe.  How  inagnificant  then  are  we ! 
But  we  have  been  justly  punished  for  our  self-conoeit,  by 
imagining  that  the  stars  influence  our  fortunes,  and  have 
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nads  oundtet  the  willing  Ai^es  of 

Thiu  far  I  think  that  M.  de  k  Phm's 
neaniog,  but,  tardy,  very  little  impoarimaeaq  mat  did  it 
eaU  tar  any  oongratidslory  addrcaa  to  lua  oonlnfanmi 
on  dieir  onandpation  ftom  audi-  &an.  It  la  man  dun  i 
oentury  dnoe  all  thoughts  of  th(e  oentml  dtuadomndgni 
bulk  of  the  Earth,  and  of  the  inflvtonoe  of  thaiatva  onhit 
man  afimrs,  have  been  eicploded  and  fingotten*! 

But  the  remaining  part  of  the  remarka,  about  waM 
order,  and  truth,  and  jusdce,  and  about  doodviDg  and  ca* 
■laving  mankind,  in  order  to  leeure  thetr  happbiese,  is  bur 
mysterious.  <<  More  is  meant  than  meetathe  ear."  IL 
de  la  Place  carefully  abstains,  through  the  whole  of  tbii 
performance,  from  all  reference  to  a.  Contriver,  Cieafear,  sr 
Grovemor  of  the  Universe,  particularly  in  the  ptesenl'n* 
flections,  whiA  are  4o  pfAnUJBg  contrasted  with  the  ooa- 
duding  reflections  of  the  great  Newton.  The  o|ipcMitk» 
is  so  remarkable,  that  it  startles  every  reader  who  has  ponis* 
ed  the  Prindpia.  I  cannot  but  suspect  that  M*de  Is 
Place  would  here  insinuate  that  the  doctrine  of  a  Deitj, 
the  Maker  and  Governor  of  this  World,  and  of  hispecolisr 
attention  to  the  conduct  of  men,  is  not  eonastent  with 
truth ;  and  that  the  sanctions  of  religion,  whidi  have  long 
been  venerated  as  the  great  security  of  society,  are  as  litde 
consistent  with  justice.  The  duties  whidi  we  are  said  to 
owe  to  this  Deity,  and  the  terrors  of  punishment  in  a  fop 
ture  state  of  existence  for  then^Iect  of  them,  have  enabled 
wicked  men  to  enslave  the  world,  subjecting  mankind  to  in 
oppressive  hierarchy,  or  to  some  temporal  tynmt  The 
priesthood  has,  in  all  ages  and  nations,  been  the  great  sup- 
port of  the  despof  s  throne.  But  now  man  has  resumed 
his  natund  rights.  The  throne  and  the  altar  are  overturo- 
ed,  and  truth  and  justice  are  the  order  of  the  day. 

486.  This  is  by  no  means  a  groundless  intopretation  ot 
De  la  Place's  words.     He  has  given  abundant  proofs  of 
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these  bei^  Us  Hridnieiita.  It  aoooidt  oompletely  with  hb 
anxkms  endeaToura,  on  all  oocaaons,  to  fiatteD  or  dcpieii 
ereiy  thing  that  has  the  appeaianoe  of  order,  beautyV  or 
aubacrviency,  and  to  iiaadlve  all  into  the  irrettstiUe  opera- 

'  tioo  of  the  essential  properties  of  matter. 

487.  Of  alt  the  marks  of  purpose  and  of  wise  eontriv'* 
anoe  in  the  jnlarvjfstemi  the  most  conspicuous  is  the  sdec- 
tion  oC  a  gravitation  in  the  inverse  duplicate  ratb  of  the. 
distances.    Till  within  these  few  eventful  years,  it  has  been 
the  professed  admiration  of  philosophers  of  all  sects.    Even 

,  the  materialists  have  not  always  been  on  their  guard,  nor 
taken  care  to  suppress  their  wonder  at  the  almost  eternal 
dumtioa  and  order  which  it  secures  to  the  solar  system. 
But  M.  de  la  Place  annihilates  at  onoe  all  the  wisdom  <»f 
this  selection,  by  saying,  that  this  law  of  gravitation  is 
essential  to  all  qualities  that  are  diffused  from  a  centre.  It 
b  the  law  of  action  inherent  in  an  atom  of  matter  in  virtue 
of  its  mere  existence.  Therefore,  it  is  no  indication  of  pur- 
pose, or  mark  of  dKNce^  or  example  of  wisdom.  It  cannot 
be  otherwise.    Matter  is  what  it  is. 

M.  de  la  Place  was  aware  that  thb  assertion,  so  contrary 
to  a  notion  long  and  fondly  entertained,  would  not  be  ad- 
mitted without  some  unwillingness.  He,  therefore,  gives/ 
a  demonstration  of  his  proposition.  He  compares  the  ac- 
tion of  gravity,  at  different  distances,  with  the  illumination 
i£  a  surface  placed  at  different  distances  from  the  radiant 
point.  Thus,  let  light,  diffused  from  the  point  A  (Fig. 
64.)  shine  through  the  hole  B  C  D  E,  which  we  shall  sup- 
pose  an  inch  square,  and  let  this  light  be  received  on  a  sur- 
face bcde  parallel  to  the  hole,  and  twice  as  far  from  A. 
We  know  that  it  will  illuminate  a  surface  of  four  square 
inches.  Therefore,  since  all  the  light  which  covers  these 
four  inches,  came  through  a  hole  of  one  inch,  the  light  in 
any  part  of  the  illuminated  surface  is  four  times '.nieakcK 
than  in  the  hole,  where  it  is  four  times  denser.  lalika 
manner,  the  intensity,  and  efficiency  of  any  quality. di£fi4$ed 
from  A,  and  operating  at  twice  the  distance,  m\\«\.\>eio\XT 


times  less  or  weaker;  and  at  tluiet  the 
niiie  times  weaketi  fcc.  be. 

488.  But  there  is  not  tbe  least  shadoir  ofpMf  iMra^aar 
any  similarity,  on  wbidi  an  avgoment  may -be  ftand* 
ed.  We  have  no  oonoepdon  of  any  degrees  or  BBipBtudB 
in  the  intensity  of  any  such  quality  as  gravitation^  attaD* 
tkm,  or  repulsion,  nor  any  measuie  of  tiiem^  eaDnpt  tb 
▼ery  effect  which  we  conceive  them  to  ptodnos.  Ats 
double  distance,  gravity  will  generate  oiie4burth  of  the  w». 
lodty  in  the  same  time.  But  this  measure  of  its  sbenglh 
or  weakness  has  no  connexiicm  whatever  with  denn^,  or 
figured  magnitude,  on  whidi  coonezioii  the  whole  aqp> 
ment  is  founded.  What  can  be  meant  by  a  double  dsi- 
sity  of  gravity  ?  What  is  this  density  ?  It  ia  purely  ages» 
metrical  notion ;  and  in  our  endeavour  to  coneeive  it  wA 
some  distinctness,  we  find  our  thoughts  employed  upms 
certain  determined  number  of  lines  spresdhig  evoy  eaf 
from  the  radiant  point,  and  passing  through  the  bole 
B  C  D  £  at  equal  distances  among  themselves.  It  is  veiy 
true  that  the  number  of  those  lines  which  will  be  intercept- 
ed by  a  given  surface  at  twice  the  distance  wiD  be  only  one- 
fourth  of  the  number  intercepted  by  the  same  suifiioe  at 
the  simple  distance.  But  I  do  not  see  how  tins  can  apply 
to  the  intenaty  of  a  mechanical  force,  unless  we  can  coosU 
der  this  force  as  an  efiect,  and  can  show  the  influoice  of 
each  line  in  producing  the  efiect  which  we  call  the  fixoe, 
and  which  we  consider  as  the  cause  of  the  phenomenon 
called  gravitation.  But  if  we  take  this  view  of  it,  it  b  so 
longer  an  example  of  his  proportion— a  force  difiused  from 
a  centre.  For,  in  order  to  have  the  efiiciency  inversely  ss 
the  square  of  the  distance,  it  is  measured  by  the  number 
of  efficient  lines  intercepted.  Here  it  is  plain  that  the 
efficiency  of  one  of  those  lines  is  held  to  be  equal  at  evay 
distance  from  the  centre.  Such  incongruity  is  mere  non- 
sense. 

This  conception  of  a  bundle  of  lines  is  the  sole  founds- 
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i   txHi  tat  ttajr  atgiiOMit  in  tlie  pvnent  ease.     La  Plaoe 
'    indeed  tnap  to  avoid  Uu»  bjr  a  dyEerent  wmj  of  ezprenbg 
Ui  cmsple.    A  eortain  quanti^  of  ligfatt  aaye  h^  goes 
Uncufjtk  the  hole.     This  is  aniformly  spread  over  fear 
taoies  the  siirfiM^  and  must  he  four  times  thimier  qpread. 
:    But  this,  hendes  employing  a  gFatuitous  notion  of  lig^ 
'    irtiich  may  be  refbsed,  inydves  the  same  nodon  of  dtienis 
i    numerical  quantity.    If  lig^t  he  not  oonoeived  to  connst 
[I    of  atoms,  dbere  can  he  no  difference  of  dena^;  and  if  we 
i    eoDflder  gmvity  in  this  way,  we  get  into  the  hypotheas  of 
mechanical  impuloon,  and  are  no  longer  considering  gra- 
vity as  a  primordial  force  or  quality. 

489.  But  tins  pretended  demoitttration  is  sdll  more  de- 
ficient in  metaj^yaical  accuracy.  The  proposition  to  he 
demonstrated  is»  that  the  gravitation  towards  an  atom  of 
nmtter  is  in  the  inverse  duplicate  ratio  of  the  distance,  m 
whatever  pokU  of  efface  ihe  graxAtaUfng  atom  ie  placed. 
But  if  we  take  our  proof  of  the  ratio  firom  the  conceptiop 
of  these  lines,  and  their  density,  we  at  once  admit  that 
there  are  an  infinity  €S  situations  in  which  there  is  no  gra- 
vitation at  all,  namely,  in  the  intervals  of  these  lines.  The 
numher  of  ntuations  in  whidi  the  atom  gravitates  isamere 
nothing  in  comparison  with  those  in  which  it  does  not 
We  must  either  suppose  that  both  the  quality  and  the  sur- 
face influenced  by  it  are  continuous,  unintemipted,«--or 
both  must  be  conceived  as  discrete  numerical  quantities, 
the  quality  operating  akmg  a  certain  mt$nber  of  lines,  and 
the  surface  consisting  of  a  certain  numberof  points.  We 
must  take  one  of  these  views.  But  neither  o£  them  gives 
us  any  conception  of  a  different  energy  at  different  distan. 
oes.  If  the  surface  be  conHnuoue^  and  the  quality  every 
tehere  curative,  there  can  be  no  difference  of  effisct,  unkai 
we  at  once  admit  that  the  energy  itself  changes  with  the 
distance.  But  this  change  can  have  no  rdation  to  a  diange 
of  dennty,  a  thing  altogether  inconcmvable  in  a  continuous 
substance  ;— -where  every  place  is  full,  there  can  be  no 
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nofuMKy  or  MiMBiiou*  pvvl■■Bl^-.ll■iLJM^fn0B,lMlit 
fiestiireB  of  philoioiihy.  I  «wgiMvdlviM»IiiB^flnrlL 
de  k  Maoe,  aftar  ha;fing jpJicwitiful^  epkUmmimirihib  ffe 
loaophy  of  Sir  Into  Neiitoiv  ooaolude  In  poiiBBMoe  with 
such  a  marked  and  migneafiil  puodj  on  dM^tUpg  le- 
flecstknis  of  our  iUostrioiift  nMBlBr ;  and,  aa  I  wadbf  ie> 
comiiieiid  this  efMtome  to  my  pupibf  it  faaoHaa  Aamon 
neoetaaryto  take  Dotioe  of  theveprahaoaiblepaoDfiaDtiBi 
wliidi  oocar  in  diflSerent  parte  of  tlia  wosk  ;  and  partifloIaF- 
ly  of  this  fm/potitioOf  from  wliieh  tlia  materiafiate  man  Id 
entertain  rack  hopes. 

It  is  somewhat  amusing  to  remark  hoar  the  auliaaily  sf 
Sir  Isaac  Newtcm  has  been  e^ijeriy  catchad  at  fay.  liie  athdiU 
ical  sophisto  to  sujqmt  their  abjeet  doetrinas.  Whiia  snse 
hankeriq^  remained  in  Franca  for  die  ^♦'tirnif  philoai- 
phy,  and  there  was  any  chance  of  bewildering  die  immiBS- 
tions,  and  mislfading  die  understandings^  of  anok  as  waked 
to  acquire  a  confident  faith  in  the  revmea  of  Deaiocn'itm 
and  Epicurus,  M.  Dideiot  worked  into  a  better  ihape  the 
sbvenly  performance  of  Rolnnet,  the  SyHime  dr  Is  Nakare^ 
.and  affected  to  deduce  all  his  vibrations  and  irihatfniaeles 
from  the  elastic  aether  of  Sir  Isaac  Newton,  drsning  npthe 
scheme  with  mathematical  theorems  and  ooroOanas.  And 
thus,  Newton,  one  of  the  most  pous  of  mankind,  was  set  at 
the  head  of  the  athdstical  sect 

But  this  mode,  having  had  its  day,  is  now  pasasd,  and 
b  become  obsolete— the  tide  has  compktdy  turned,  sad 
the  sther  is  no  longer  wanted.  But  the  sect  would  not  quit 
their  hold  of  Sir  Isaac  Newton.  The  doctrine  of  univenri 
fate  is  now  Sounded  on  Newton^s  great  disooveiy  of  gnri- 
tation  in  the  inverse  duplicate  ratio  of  the  distances.  It 
is  still  called  the  discovery  of  the  illustrious  EnglishmsD, 
and  is  passed  from  hand  to  hand  with  all  the  authority  of 
his  name. 
494.  But  surely  to  us,  the  scholars  of  Newtcm,  the  futi- 
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lity  of  thk  attwuy  b  •bundantly  mtnifiwl.   As  the  worthy 
pupib  o/Fcfot  aooompiidied  teacher^  we  will  join  with  him 
in  oonndering  univefBal  gnvitatiaD  as  a  noUe  proof  of  the 
existence  and  superintendence  of  a  SupaxMS  Mind»  and  a 
conspicuous  mark  of  its  transcendent  wisdom.    The  disco- 
very  of  tUs  idation  between  the  particles  cf  that  matter  of 
which  the  sdar  system  connsts  is  acknowledged,  even  by 
the  materialists,  to  have  set  Newton  at  the  head  of  philoso- 
phers.   They  must  therefore  grant  that  it  has  something 
in  it  of  peculiar  excellence.     Indeed  whoever  is  able  to  fol- 
low the  steps  of  Newton  over  the  magnificent  scene,  must 
be  affected  as  he  was,  and  must  pronounce  <  all  very  good/ 
It  is  peculiarly  deserving  of  remark,  that  we  see  many  con- 
trivances in  this  system,  which  are  of  manifest  siibservioi- 
cy  to  the  enjoyments  of  man,  and  which  do  not  a{^)ear  to 
have  any  farther  imp(»rtanoe.     Bian  is  unquestionably  the 
lord  of  this  lower  world,  and  all  things  are  placed  under 
his  feet    But  we  see  nothing  to  which  man  is  exclusively 
subservient— nothing  that  b  superior  to  man  in  excellence, 
so  far  as  we  can  judge  of  what  is  excellent— nothing  but 
that  wisdom,  that  power,  and  that  beneficence,  which  seem 
to  indicate  and  to  characterise  the  Author  and  Conductor 
of  the  whole  ;^-and,  I  may  add,  that  it  is  not  one  of  our 
smallest  obligations  to  the  Author  of  Nature,  that  He  has 
given  us  those  powers  of  mind  which  enable  us  to  perceive 
and  to  be  delighted  with  the  sight  of  this  bright  emanation 
of  all  his  perfections. 

"  Sanctiui  his  animal^  mectisque  capsciui  alt«^ 
"  Finxit  in  efiigiem  moderantOim  euncta  Deonim, 
"  Pronaqne  cum  spectent  animalia  cetera  terrain^ 
"  Ofl  homini  sublime  dedit,  ccelumque  tueri 
''  Jusait,  et  erectos  ad  sidera  tollere  vultus." 

Ovid. 

Allow  me  to  conclude  in  the  words  of  Dr  Halley  : 
Vol.  III.  «  C 
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^  Tilift  momtmilm  «»frq«'>  OBlobnls 
^'  Vot,  6  wlicokim  gnidentet  naetoe  vwofp 
**  NiwTovuMf  danii  itterantem  acriiiui  Veri, 
*'  NiWTONUM^  Muni  durum,  cni  peclore  pmo 
'*  Fboebus  adest,  totoqae  inoenit  Nnmiiie  mentem, 
f*  Nee  &i  ete  prapiilM  moitili  attiiigae  diTOi.** 

Hallit* 
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TELESCOPE. 


TxLB8co?B,  an  optical  instrument  for  yiemng  distant  ob- 
jects ;  so  named  by  omnpounding  the  Ghreek  words  rnxtjbr 
-offt  and  en^mtf  to  look  at  or  conUmplaie.  This  name  is 
commonly  appropriated  to  the  larger  sizes  of  the  instru- 
ment, while  the  smaller  are  called  ferspectite  glasses, 
sPY-OLASSEs,  oPBBA-GLASSEs.  A  paiticular  kind,  which 
is  thought  to  be  much  brighter  than  the  rest,  is  called  a 

mOHT-GLASS. 

To  what  has  commonly  been  stated,  respecting  the  in- 
ventor of  this  most  noble  and  useful  instrument,  we  may' 
add  the  two  following  claims. 

Mr  Leonard  Digges,  a  gentleman  of  the  last  century, 
•of  great  and  various  knowledge,  positively  asserts  in  his 
StratoticoSy  and  in  another  work,  that  his  father,  a  military 
gentleman,  had  an  instrument  which  he  used  in  the  field, 
by  which  he  could  bring  distant  objects  near,  and  could 
know  a  man  at  the  distance  of  three  miles.  He  says,  that 
when  his  father  was  at  home  he  had  often  looked  through 
it,  and  could  distinguish  the  waving  of  the  trees  on  the  op- 
poirite  side  of  the  Severn.  Mr  Digges  resided  in  the  neigh- 
bourhood of  Bristol. 

Francis  Fontana,  in  his  Celestial  Observations^  published 
at  Naples  in  1646,  says,  that  he  wits  assured  by  a  Mr 
Hardy,  advocate  of  the  parliament  of  Paris,  a  person  of 
great  learmng  and  undoubted  integrity,  that  on  tlie  death 
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of  hiB  father,  there  was  found  among  his  things  an  old 
tube,  by  which  distant  objects  were  distinctly  seen;  and 
that  it  was  of  a  date  long  prior  to  the  telescope  ktely  in- 
vented, and  had  been  kept  by  him  as  a  secret. 

It  is  not  at  all  improbable,  that  curknis  people  handling 
spectacle-glasses,  of  which  there  were  by  this  thane  great  ▼»- 
rieties,  both  convex  and  concave,  and  amusing  themselves 
with  thdlr  magnifying  power  and  the  ungular  effects  wfaicii 
they  produced  in  the  appearances  of  things,  might  some- 
times chance  so  to  place  them  as  to  produce  distinct  and  en- 
larged vision.     We  know  perfectly,  from  the  table  and 
scheme  which  Sirturus  has  pvea  us  of  the  tools  or  dishes  in 
which  the  qpectade-makers  fashioned  their  glasses,  that  tbej 
had  convex  lenses  formed  to  spheres  of  24  inches  diameter, 
and  of  1 1  inferior  mzes.    He  has  given  us  a  scheme  of  a 
set  which  he  got  leave  to  measure  belonging  to  a  qieotscfe- 
maker  of  the  name  otRogeite  at  Corunna  in  Spain ;  and  be 
says  that  this  man  had  tools  of  the  same  sizes  for  concave 
glasses.     It  also  appears,  that  it  was  a  general  practice  (of 
which  we  do  not  know  the  precise  purpose)  to  use  a  con- 
vex and  concave  glass  together.  If  any  person  should  chance 
to  put  together  a  24-inch  convex  and  a  12-inch  concave 
(wrought  on  both  sides)  at  the  distance  of  6  inches,  he 
would  have  distinct  vision,  and  the  object  would  appear  of 
double  size.     Concaves  of  6  inches  were  not  uncommon, 
and  one  such  combined  with  the  convex  of  34,  at  the  dis- 
tance of  9  inches,  would  have  distinct  vision,  and  objects 
would  be  quadrupled  in  diameter.     When  such  a  thing  oc- 
curred, it  was  natural  to  keep  it  as  a  curiosity,  although 
the  rationale  of  its  operation  was  not  in  the  least  understood. 
We  doubt  not  but  that  this  happened  much  oflener  than  in 
these  two  instances.     The  chief  wonder  is,  that  it  was  not 
frequent,  and  taken  notice  of  by  some  writer.     It  is  pretty 
plain  that  Galileo^s  first  telescope  was  of  this  kind,  made  up 
of  such  spectacle-glasses  as  he  could  procure ;  for  it  magni- 
fied only  three  times  in  diameter,— >a  thing  easily  procured 
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by  midl  glaaseftta  he  could  find  with  every  ^KclflclMiiakcr. 
And  he  Qould  aoC  but  observe^  in  his  trials  of  their  glasan^ 
tbel  the  deeper  coneavee  and  flatter  convezeft  he  employed, 
he  produced  the  greater  amplifiaitioa ;  apd  then  he  vould 
find  himself  obliged  to  provide  a  took  not  used  by  the  spec 
tade-makeri^  viz.  either  a  much  flatter  tool  for  a  convex 
surface^  or  a  much  nnaller  sphere  for  a  concave :  and,  noU 
witlMUmding  his  telling  us  that  it  was  by  reflecting  on  the 
nature  of  refraction,  and  without  any  instrucdon,  we  are 
persuaded  that  he  proceeded  in  this  very  way.  His  next 
telescope  magmfied  but  five  UmeSk  Now  the  slig^Uest  ae* 
quaintance  with  the  obvious  laws  of  xefraotioa  would  haxt 
directed  him  at  once  to  a  very  nnall  and  deep  ooocave, 
which  would  have  beeii  much  easier  made,  and  have  mag« 
nified  more.  But  he  groped  hia  way  with  such  qpectaelc 
glsfses  as  he  could  get,  tUI  he  at  last  made  tods  for  very 
flat  object-glasses  and  very  deep  eyetglasscs,  and  produced 
a  telescope  which  magnified  about  25  times.  Sirturua  saw 
it,  and  took  the  measures  of  it.  He  afterwards  saw  a  scheme 
of  it  which  Galileo  had  sent  to  a  German  prince  at  Ink 
qirueh,  who  had  it  drawn  (that  ia,  the  cirdea  for  the  tools) 
OB  a  table  in  his  gallery.  The  object-glass  was  a  plano- 
codvex,  a  portion  of  a  sphere,  of  24  inches  diameter; 
the  eye-glass  was  a  double  concave  of  two  inches  diameter : 
the  focal  distances  were  therefore  2f  inches  and  one  inch 
nearly.  This  must  have  beea  a  very  lucky  operatioa,  for 
Sirturus  says  it  was  the  best  tdeseope  he  had  seen ;  and  we 
know  that  it  requires  the  very  best  work  to  produce  thia 
magnifying  power  with  such  small  spheres.  Telescopes 
continued  to  be  made  in  this  way  for  many  years;  and  Gafi 
liko^  though  keenly  engaged  in  the  observation  of  Jupiter^ 
satellites,  bdng  candidate  for  the  priae  held  out  by  the 
Dutch  for  the  discov^y  of  the  looptude,  and  therefore 
much  interested  in  the  advantage  which  a  convex  eye^f^gm 
would  have  given  him^  never  made  them  of  any  other  form 
Ke|der  puUisbed  his  Dioptrics  in  161 1 ;  in  which  he  tdb  u% 
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all  that  he  or  others  had  discovered  of  the  law  of  veliRKtioo, 
viz.  that  in  very  small  obliquities  of  incideoee,  the  angle  cf 
refraction  was  nearly  ^  cf  the  angle  of  inddenoe.    TUs 
was  indeed  enough  to  have  pointed  out^  with  suffieient  ex- 
actness, the  construction  of  every  optical  instrument  that  ire 
are  even  now  possessed  of;  for  this  proportionafitj  ci  the 
-angles  of  incidence  and  refraction  is  assumed  in  the  oonstmc- 
tion  of  the  optical  figure  for  all  of  them ;  and  the  deviation 
from  it  is  still  considered  as  the  refinement  of  the  art,  and  was 
not  brought  to  any  rule  till  50  years  after  by  Huygfaens, 
and  called  by  him  aberration.     Yet  evm  the  sagadoiu 
Kepler  seems  not  to  have  seen  the  advantage  of  any  other 
construction  of  the  telescope ;  he  just  seems  to  acknow- 
ledge the  possibility  of  it;  and  we  are  surprised  to  seewii- 
ters  giving  him  as  the  author  of  the  astronomical  telescope, 
or  even  as  hinting  at  its  construction.     It  is  true,  in  the  last 
proposition  he  shows  how  a  telescope  may  be  made  appa^ 
renUy  with  a  convex  eye-glass:  but  this  is  only  a  frivolous 
fancy ;  for  the  eye-glass  is  directed  to  be  made  convex  ex- 
ternally, and  a  very  deep  concave  on  the  inmde ;  so  that  it 
is,  in  fact,  a  meniscus  inth  the  concavity  prevalent    In  the 
86th  proposition,  he  indeed  shows  that  it  is  possUe  so  to 
place  a  convex  glass  behind  another  convex  glass,  that  an 
eye  shall  see  objects  distinct,  magnified,  and  inverted ;  and 
he  speaks  very  sagaciously  on  the  subject.     Afler  having 
said  that  an  eye  placed  behind  the  point  of  union  of  the 
first  glass  will  see  an  object  inverted,  he  shows  that  a  small 
part  only  will  be  seen ;  and  then  he  shews  that  a  convex 
glass,  duly  proportioned  and  properly  placed,  will  show 
more  of  it.    But  in  shewing  this,  he  speaks  in  a  way  which 
shows  evidently  that  he  had  formed  no  distinct  notions  of 
the  manner  in  which  this  effect  would  be  produced,  only 
saying  vaguely  that  the  convergcncy  of  the  second  glass 
would  counteract  the  divergency  beyond  the  focus  of  the 
first.     Had  he  conceived  the  matter  with  any  tolerable  dis- 
tinctness, after  seeing  the  great  advantage  of  taking  in  a 
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field  graftterinalmofit  any  proportion^  he  would  haTe  eager- 
ly catched  at  the  thought,  and  enlarged  on  the  immense 
improvement.  Had  he  but  drawn  one  figure  of  the  pro- 
gress of  the  rays  through  two  oonyex  glasses,  the  whole 
would  have  been  qpoi  to  his  view. 

This  step,  so  easy  and  so  important,  was  l^served  for  Fa- 
ther Sdieiner,  and  the  construction  of  this  author,  together 
with  that  of  Janaen,  are  the  models  on  which  all  refractii^ 
telescopes  are  now  constructed;  and  in  all  that  relates  to 
their  magnifying  power,  bxightness,  and  field  of  viuon, 
they  may  be  constructed  on  Kepler^s  jHrinciple,  that  the 
angles  of  refraction  are  in  a  certain  given  proportion  to  the 
angles  of  inddence. 

But  after  Huyghens  had  applied  his  elegant  geometry  to 
the  discovery  of  Snelliu%  viz.  the  proportionality,  not  of  the 
angles,  but  of  the  sines,  and  had  ascertained  the  aberrations 
firom  the  fbd  of  infinitely  slender  penols,  the  reasons  were 
dearly  pointed  out  why  there  were  such  narrow  limits  af- 
fixed by  nature  to  the  performance  of  optical  instruments, 
in  consequence  of  the  indistinctness  of  vision  which  resulted 
from  constructions  where  the  magnifying  power,  the  quan- 
tity of  light,  or  the  field  of  ^sion,  were  extended  beyond 
certun  moderate  bounds.  The  theory  of  aberrations,  which 
that  most  excellent  geometer  established,  has  enabled  us  to 
diminish  this  indistinctness  ariong  from  any  of  these  causes ; 
and  this  diminution  is  the  sole  aim  of  all  the  different  con^ 
stnictions  which  have  been  contrived  since  the  days  of  Ga- 
lileo and  Scheiner. 

The  description  which  is  commonly  ^ven  of  the  various 
constructions  of  telescopes,  is  sufficient  for  instructing  the 
reader  in  the  general  principles  of  thdr  construction, 
and,  with  moderate  attention,  will  show  the  manner  in 
which  the  rays  of  light  proceed,  in  order  to  ensure  the 
different  drcumstances  of  amplification,  brightness,  and 
extent  .of  field,  and  even  distinctness  of  vision,  in  as  foi;  as 
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tlus  depends  on  the  proper  intervals  between  the  gbMB. 
But  it  is  insufficient  for  giving  us  a  knowledge  of  the  iai- 
provements  which  are  aimed  at  in  the  different  dcpartuwi 
from  the  original  constructions  ol*  Galileo  and  Sehsiaeri 
the  advantage  of  the  double  eye-glass  of  HujgbenSi  nd 
the  quintuple  eye-glass  of  Dollmd :  still  more  is  it  insuf- 
ficient for  shewing  us  why  the  highest  d^frees  of  ampfifi- 
cation  and  most  extensive  field  cannot  be  obtained  by  the 
mere  proportion  of  the  focal  distances  of  the  glasses,  as 
Kepler  had  taught.  In  short,  without  the  Huyghenisn 
doctrine  of  aberraUons,  neither  can  the  curious  reader  lesm 
the  limits  of  their  performance,  nor  the  artist  learn  why 
one  telescope  is  better  than  another,  or  in  what  manner  to 
proceed  to  make  a  telescope  difi*ering  in  any  partifaihr 
from  those  which  he  servilely  copies. 

Although  all  the  improvements  in  the  constructian  ef 
telescopes^  since  the  publication  of  Huyghena^s  Dnpdia^ 
have  been  the  productions  of  this  island,  and  although  Or 
Smith  of  Cambridge  has  given  the  most  elegant  snd  per- 
spicuous account  of  this  science  that  has  yet  appeared,  we 
do  not  recollect  a  performance  in  the  English  language 
(except  the  Optics  of  Emerson)  which  will  carry  the  resd- 
er  beyond  the  mere  schoolboy  elements  of  the  scienoe,  or 
enable  a  person  of  mathematical  skill  to  understand  or  im- 
prove the  construction  of  optical  instruments. 

We  think,  therefore,  that  we  shall  do  the  public  some 
service,  by  giving  such  an  account  of  this  higher  bramck  of 
optical  science  as  will  at  least  tend  to  the  complete  under- 
standing of  this  noble  instrument,  by  which  our  concep- 
tions of  the  extent  of  almighty  power,  and  wisdom,  and 
beneficence,  are  so  wonderfully  enlarged.  In  the  prose- 
cution of  this,  we  hope  that  many  general  rules  will  emerge, 
by  which  artists,  who  are  not  mathematicians,  may  be  en- 
abled to  construct  optical  instruments  with  intelligence, 
and  avoid  the  many  blunders  and  defects  which  result 
from  mere  servile  inutation. 
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B  g«Mi«l  idm  10  Uie  i»iiiteiclioii  of  •  tdflioope,  is  to 
bj  niouM  rf  mirron  or  lemea^  an  iauigeaf  the  dis- 
lipeety  as  laige,  as  bnght,  and  as  extensive  as  is  pos- 
eonsistentl J  with  distinctness ;  and  then  to  view  the 
with  a  m^gpiifyii^  glass  in  any  convenient  manner, 
^ves  us  an  amngement  of  our  subject  We  shall 
low  the  principles  ci  oonstnictioii  of  the  object-glass 
TOr,  so  as  that  it  dudl  form  an  image  of  the  distant 
with  these  qualities ;  and  then  show  how  to  con- 
the  magnifying  glass  or  eye-piece,  so  as  to  preserve 
mimpaired. 

s  imUstinctness,  which  we  wish  to  avoid,  arises  from 
uses ;  the  spherical  figures  of  the  refracting  and  re- 
3  surfaceSf  and  the  difiSerent  refrangibility  of  the  dif- 
iy  coloured  rays  of  %ht.  The  first  may  be  called 
'HERicAL*  and  the  second  the  cbbqmatic  indistinct- 
and  the  deviations  fnHn  the  foci,  determined  by  the 
itary  thecnrem,  may  be  called  the  sphkbxcal  and  the 
lATic  aberrations. 

I  limits  of  a  work  like  this  will  not  permit  us  to  give 
ore  of  the  doctrine  of  aberrations  than  is  abiolutely 
iry  for  the  construction  of  achromatic  telescopes; 
s  must  refer  the  reader,  for  a  general  view  of  the 
,  to  Eukr's  Dioptrics^  and  other  works  of  that  kind, 
lith  has  pven  as  much  as  was  necessary  for  the  com- 
n  of  the  merits  of  diSiarent  glasses  of  similar  con- 
on,  and  this  in  a  veiy  plain  and  elegant  manner, 
shall  begin  with  the  aberration  of  colour,  because  it 
most  simple. 

white  or  compounded  light  fidl  perpendicularly  on  die 
le  P  Q  (PUte  VI.  Fig.  1.)  of  a  ptano^xmvex  kns 
whoae  axis  is  CV,  and  vertex  V.  The  white  rayjpP 
on  the  extremity  of  the  lens  is  dispersed  by  refraction 
pmnt  P  of  the  spherical  surface,  and  the  red  ray 
» the  point  r  of  the  axis^  and  the  violet  ray  to  the 
}.    In  like  manner,  the  white  ray  9  Q  is  dispersed 
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b^ refmctioii  at  Q,  the  red  ny  going  to  r,  md  dieiUet 
to  V.  The  red  ray  Pr  croBsefl  the  violet  ny  Q  v  in  a  pairt 
D,  and  Q  r  cromes  P  o  in  a  point  £ ;  and  the  iriiokB|jht 
refracted  and  dispersed  bj  the  circumfereneey  wfaose  ife 
meter  is  P  Q,  passes  tbroagfa  the  circular  areay  vfaoK  d» 
meter  b  D  £.  Supposing  that  the  lens  is  of  aach  atoni 
that  it  would  collect  red  rays,  refracted  bj  ita  iriiole  an:- 
faoe  in  the  pdnt  r,  and  violet  in  the  point  v  ;  then  it  b 
evident,  that  the  whole  light  which  occupies  the  surftoeof 
the  lens  will  pass  through  this  little  circle,  whose  disncter 
is  D  E.  Therefore  white  light,  issuing  from  a  point  a> 
distant  that  the  rajrs  may  be  considered  as  parallel,  vil 
not  be  collected  in  another  point  or  focus,  but  will  be  &- 
persed  over  the  surface  of  that  little  drde,  which  ii  tba^ 
fore  called  the  circk  of  chrcmaiic  dispersion  ;  and  the  is- 
diant  point  will  be  represented  by  this  circle.  The  neigh- 
bouring  points  are,  in  like  manner,  represented  by  drdes; 
and  these  circles,  encroaching  on  and  misung  with  each 
other,  must  occasion  haziness  or  confusion,  and  render  the 
picture  indistinct  This  indistinctness  will  be  greater  in 
the  proportion  of  the  ndmbcr  of  circles  which  are  in  this 
manner  mixed  together.  This  will  be  in  the  pn^xirtion 
of  the  room  that  is  for  them  ;  that  is,  in  proportion  to  the 
area  of  the  circle,  or  in  the  duplicate  proportion  of  its  dia- 
meter. Our  first  business,  therefore,  is  to  obtain  measures 
of  this  diameter,  and  to  mark  the  connexion  between  it 
and  the  aperture  and  focal  distance  of  the  lens. 

Let  i  be  to  r  as  the  sine  of  inddence  in  glass  to  the  sine 
of  refraction  of  the  red  rays ;  and  let  i  be  to  v  as  the  sine 
of  incidence  to  the  sine  of  refraction  of  the  violet  rays 
Then  we  say,  that  when  the  aperture  P  Q  is  moderate, 
V  —  r:  v  +  r  —  2i  =  DE:  PQ,  very  nearly.  Fat  let 
D  E,  which  if  evidently  perpendicular  to  Vr,  meet  the  pa- 
rallel incident  rays  in  K  and  L,  and  the  radii  of  the  spbe^ 
rical  surface  in  G  and  H.  It  is  plain  that  G  P  K  is  equsl 
to  the  angle  of  incidence  on  the  posterior  or  spherical  sur- 
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fiiceof  thekns;  and  GPr  and  GPv  are  the  angles  of 
refractiao  of  the  xed  and  the  violet  rays ;  and  that  G  K, 
6D|  and  GE,  are  very  nearly  aa  the  sines  of  those  angles, 
beoause  the  angles  are  supposed  to  be  smalL  We  mqr 
therefore  institiite  this  proportion  D£  :KD  =  o— r: 
r — f ;  then^  iiy  doahling  the  consequents  D  E  :  8  K  D 
=  r— r:«r— Si  Also,  DE  :  aKD  +  DE  =:  r— r 
:  Sr  — 2i  +  r  — r,  =  r  — r  :  r  +  v — fti.  But  2KD 
+  D  E  is  equal  to  K  L  or  F  Q.  Therefore  we  have  DE 
:  PQrrv  — r:  r  +  v  —  ^i.     Q.  E.  D. 

Car.  1.  Sir  Isaac  Newton,  by  moBt  accurate  observation, 
found,  that,  in  common  glass,  the  sines  of  refraction  of  the 
led  and  violet  rays  were  77  and  78  where  the  sine  of  inci- 
dence was  50.  Hence  it  follows,  that  o  — r  is  to  v  -f  r— 
2 1  as  1  to  55 ;  and  that  the  diameter  of  the  smallest  drde 
of  dispersion  is  /^th  part  of  that  of  the  lens. 

ft.  In  like  manner  may  be  determined  the  circle  of  dis- 
persion that  wili  comprehend  the  rays  of  any  particular  co- 
lour or  set  of  colours.  Thus  all  the  orange  and  yellow 
will  pass  through  a  drde  whose  diameter  is  ^ioth  of  that 
of  the  lens. 

8.  In  different  surfaces,  or  planoconvex  lenses,  the  an- 
gles of  aberration  rl?v  are  as  the  breadth  P  Q  directly, 
and  as  the  focal  distance  V  F  inversely ;  because  any  angle 
D  P  E  is  as  its  subtense  D  £  directly,  and  radius  D  P  in- 
versely. N.  B>  We  call  V  F  the  focal  distance,  because 
at  this  distance,  or  at  the  point  F,  the  light  is  most  of  all 
constipated.  If  we  examine  the  focal  distance  by  holding 
the  lens  to  the  sun,  we  judge  it  to  be  where  the  light  is 
drawn  into  the  smallest  spot. 

When  we  reflect  that  a  lens  of  5^  inches  in  diameter 
has  a  circle  of  dispersion  ^\sth  of  an  inch  in  diameter,  we 
are  surprised  that  it  produces  any  picture  of  an  object  that 
can  be  distinguished.  We  should  not  expect  greater  dis- 
tinctness from  such  a  lens  than  would  be  produced  in  a  ca- 
mera obscura  without  a  lens,  by  »mply  admitting  the  light 
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through  a  fade  of  ^^th  of  «n  mh  in  diameter.    This,  wq 
know,  would  be  very  haxy  and  oonfuaed.    But  when  we 
remark  the  superior  viracity  of  the  yeUow  and  orange 
^ght  in  comparison  with  the  reet,  we  ma^  h^ieve^  that  the 
effect  produoed  by  the  confusicm  of  the  other  colours  will 
be  much  less  sensible.     But  a  stronger  reaaoq  is,  that  the 
light  is  muoli  denser  in  the  middle  of  the  cirde  of  diaper- 
eion,  and  is  exceedingly  faint  towards  the  margin.    This, 
however,  must  not  be  taken  for  granted ;  and  we  must 
know  distinctly  the  manner  in  which  the  lig^t  of  different 
colours  is  distributed  over  the  circle  of  chromatio  disper- 
aon,  befinre  we  pretend  to  pronounce  on  the  immense  di£. 
ference  between  the  indistinctness  arising  from  ookmr,  and 
that  arising  from  the  spherical  figure.    We  think  this  the 
more  necessary,  because  the  illustrious  discoverer  of  the 
chromatic  aberiation  has  made  a  great  mistake  in  the  com- 
parison, because  he  did  not  consider  the  distribution  of  the 
light  in  the  circle  of  spherical  dispersion.     It  is  therefore 
proper  to  investigate  the  chromatic  distribution  of  the  light, 
and  we  shall  then  see  that  the  superiority  of  the  reflecting 
telescope  is  incomparably  less  than  Newton  imagined  it  to 
be. 

Therefore,  let  £  B  (Fig.  S.)   represent  a  plano-convex 
lens,  of  which  C  is  the  centre,  and  C  r  the  asds.     Let  us 
suppose  it  to  have  no  spherical  aberration,  but  to  collect 
rays  occupying  its  whole  surface  to  single  points  in  the 
axis.     Let  a  beam  of  white  or  compounded  light  fall  per- 
pendicularly on  its  plane  surface.     The  rays  will  be  so  re- 
fracted by  its  curved  surface,  that  the  extreme  red  rays 
will  be  collected  at  r,  the  extreme  violet  rays  at  »,  and 
those  of  intermediate  refrangibility  at  intermediate  points, 
o,  y,  ffi  by  /?,  t;,  of  the  line  rw^  which  is  nearly  ^^th  of  r  C. 
The  extreme  red  and  violet  rays  will  cross  each  other  at  A 
and  D ;  and  A  D  will  be  a  section  or  diameter  of  the  cir- 
cle of  chromatic  dispersion,  and  will  be  about  ^V^h  of  E  B. 
We  may  suppose  re  r  to  be  bisected  in  by  because  wb  ia 

1 
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to  A  r  vetj  BBiriy  in  the  rado  of  equaEty  (for  r  6  :  r  C  s=: 
iA:i7E,sftA:«B,  ±1  v6:  wC.)  The  line  rw^nll 
be  A  Iciod  of  prnnaitic  Bpectrum,  red  from  r  to  ^^  orange- 
coloured  from  o  to  y,  yellow  finom  tfiog^  green  from  g  to 
if  blue  from  i  to  jp^  purple  from  pXo  v^  and  violet  from 

V  to  w. 

The  light,  in  its  compound  state,  must  be  supposed  uoiv 
ibrmly  dense  as  it  fidls  upon  the  lens ;  and  the  some  must 
be  Said  of  the  rays  of  any  particular  colour.  Newton  sup- 
poses, also,  that  when  a  white  ray,  such  as  ^  E,  is  di»- 
persed  into  its  component  coloured  rays  by  refraction  at  £, 
it  is  iimfcnidy  spread  over  the  angle  D£  A.  This  suppo^ 
aitiolk  is  indeed  gratuitous ;  but  we  have  no  argument  to 
the  contrary,  and  may  therefore  consider  it  as  just  The 
consequence  ii^  that  each  point  »,  p,  ji,  6,  &&  of  the  spec- 
tnin  is  not  only  equally  luminous,  but  Also  illuminates  nni^ 
fortnly  its  corresponding  portion  of  AD ;  that  is  to  say, 
the  coating  (so  to  term  it)  of  any  particular  colour,  such 
as  purple,  from  the  pcnnt  jp,  is  unifonoly  dense  in  every 
part  of  AD  t»  which  it  falls.  In  like  manner,  the  oobur- 
ing  of  yellow,  intercepted  by  a  part  of  AD  in  its  passage 
to  the  point  j^,  is  uniformly  dense  in  all  its  parts.  But  the 
density  of  the  different  colours  in  A  D  is  extremely  differ- 
ent ;  jfor  snce  the  radiation  in  w  is  equally  dense  with  that 
in  /i^  the  density  of  the  violet  colouring,  which  radiates 
from  Wj  and  is  spread  over  the  whole  of  A  D,  must  be 
much  leas  than  the  den^ty  of  the  purple  colouring,  which 
radiates  from  jp,  and  occupies  only  a  part  of  AD  round  the 
cirde  &  These  densities  must  be  very  nearly  in  the  in« 
vene  proportion  of  «^  fi'  tojpA'. 

Hence  we  see,  that  th^  central  point  b  will  be  very  'm^ 
lenady  illuminated  by  the  blue  radiating  from  p  b  and  the 
green  intercepted  from  bg*  It  will  be  more  faintly  illumi- 
nated by  the  purple  radiating  from  vp,  and  the  yellow  in- 
terDtpted  from  g^ ;  and  still  more  faintly  by  the  violet  from 

V  V,  and  the  orange  and  red  intercepted  from  jf  r.    The 
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whole  oolouriDg  will  be  a  white,  tending  m  little  to  ydbr- 
ness.  The  accurate  proportion  of  these  ooloiuiDgi  nay  hi 
computed  from  our  knowledge  of  the  poation  of  the  poioli 
o,  j/i  gi  &c.  But  this  is  of  little  moment.  It  is  of  moR 
consequence  to  be  able  to  determine  the  proportianof  the 
total  intensity  of  the  light  in  &  to  its  intenatj  in  any  odiff 
point  I. 

For  this  purpose  draw  r  IR,  IwYf,  meeting  the  knii 
R  and  W.  The  point  I  receives  none  of  the  light  wUeh 
jMSses  through  the  space  R  W  :  for  it  is  evident  thatil: 
CR  =  &  A:  CE,=  1 :  56,and  thatCk  =  CW;  anddien. 
fiire,  once  all  the  light  incident  on  EB  passes  through  A  B^ 
all  the  light  incident  on  R  W  passes  through  1 1  (A  t  bebf 
made  =  il).  DrawoIO,yI  Y,^I6,  I|»P,  IvV.  It 
is  jAain  that  I  rec^ves  red  light  from  R  O,  orange  fiom 
O  Y,  yellow  from  Y  6,  green  fiom  6  E,  a  fittk  Uue  from 
B  P,  purple  frcnn  P  V,  and  violet  from  V  W.  It  tbeiefixt 
wants  some  of  the  green  and  of  the  blue. 

That  we  may  judge  of  the  intensity  of  these  ookmrs  at  I, 
suppose  the  lens  covered  with  paper  pierced  with  a  small 
hole  at  G.     The  green  light  only  wAX  pass  through  I ;  the 
other  colours  will  pass  between  I  and  by  or  between  I  and 
A,  according  as  they  are  more  or  less  refrangible  than  the 
particular  green  at  I.     This  particular  colour  converges  to 
gj  and  therefore  will  illuminate  a  small  spot  round  I,  whcfe 
it  will  be  as  much  denser  than  it  is  at  6  as  this  spot  is 
smaller  than  the  hole  at  6.     The  natural  den»ty  at  G, 
therefore,  will  be  to  the  increased  density  at  I,  as^P  to 
^G*,  or  as g* 6*  to^C*,  or  as  6  P  to  C G*.     In  like  man- 
ner»  tlie  natural  denuty  of  the  purple  coming  to  I  through 
an  equal  hole  at  P  will  be  to  the  increased  density  at  I  as 
6  I^  to  C  P'.     And  thus  it  appears,  that  the  intensity  of 
the  differently  coloured  illuminations  of  any  point  of  the 
circle  of  dispersion,  is  inversely  proportional  to  the  square 
of  the  distance  from  the  centre  of  the  lens  to  the  p(Hnt  of 
its  surface  through  which  the  colouring  light  oomes  to  this 
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point  of  the  aide  of  dispersion.  .Thi3  circumstaiioe  will 
fpwe  U8  «  v€fy  easy,  and,  we  think,  an  d^ant  sdution  of 
the  question. 

Bisect  C  £  in  F,  and  draw  F  L  perpendicular  to  C  E, 
making  it  equd  to  C  F.  Through  the  point  L  describe  the 
hyperbda  E  LN  of  the  second  order,  that  is,  having  the 
ordinates  E  K,  F  L,  RN,  &c.  inversdy  proportional  to  the 
squaresoftheabscassaeCE,  CF,CR,&c.;  sothati?L:BN 

^  7t™:  t;^-,  or  =  C  R*  :  C  F*,  &c.     It  is  evident  that 

these  ordinates  are  proportional  to  the  densities  of  the  seve^ 
raDy  odoured  lights  which  go  fiom  them  to  any  points 
whatever  of  the  cirde  of  disperrion. 

Now  the  total  density  of  the  hgfat  at  I  depends  both  on 
the  d^isi^  of  eadi  particular  cokmr  and  on  the  number  of 
colours  which  Ml  on  it  The  ordinates  of  this  hyperbola 
detenaine  the  first;  and  the  space  E  R  measures  the  num- 
ber of  odours  which  fall  on  I,  because  it  receives  light  from 
the  whole  of  E  R,  and  of  its  equd  B  W.  Therefore,  if 
ordinates  be  drawn  fiom  any  point  of  E  R,  their  sum  will 
be  as  the  whole  light  which  goes  to  I ;  that  is,  the  totd 
density  of  the  light  at  I  will  be  proportiond  to  the  area 
NREK.  Now  it  is  known  that  CE  X  EK  is  equd  to 
the  infinitdy  extended  area  lying  beyond  E  K ;  and  C  R  x . 
R  N  is  equd  to  the  infinitdy  extended  area  lying  beyond 
RN.  Therefore  the  area  NREKisequd  to  CRxRN 
— C  £  X  E  K.   But  RN  and  EE  are  respectively  equd  to 

CF'  C  F' 

TTot  *"*^  TTx^    Therefore  the  density  at  I  is  proportion^ 

_p^,  ^CE-CR  _  ^^,         ER         _  CF» 
-^    -^CExCR-^^  *CE)rmi'  -.CE  '^ 

g^.    But  because  C  F  is  ^  of  C  E,  — g-  is  =;  5^>  = 
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,  a  coDBtant  quantity.    Therefore  the  density  of  Ac 

E  R  AI 

light  at  I  is  proportional  to  -^-= ,  or  to   —  ^  beciufte  die 

points  B  and  I  are  similarly  situated  in  E  C  and  A6w 
Farther,  if  the  semi-apertUre  C  E  of  the  lens  be  ddled  1, 

— —  is  =  },  and  the  density  at  I  is  t=:  qTt' 

Here  it  is  proper  to  observe,  that  onoe  the  point  &  bu 
the  same  situation  in  tlie  diameter  E  B  that  the  pobt  I  his 
in  the  diameter  A  D  of  the  circle  of  dispersion,  the  cirek 
described  on  E  B  may  be  conceived  as  the  magnified  repte- 
sentation  of  the  circle  of  dispersion.  The  point  F|  fiv  in- 
stance, represents  the  point  f  in  the  oucle  of  dispenion, 
which  bisects  the  radius  6  A ;  andy  receives  no  light  firoai 
any  part  of  the  lens  which  is  nearer  the  centre  than  F, 
being  illuminated  only  by  the  light  which  oomes  tium^ 
E  F  and  its  opposite  B  F'.  The  same  may  be  said  of  every 
other  pmnt. 

In  like  manner,  the  density  of  the  light  in^  the  nuddk 

between  h  and  A,  is  measured  by  — ^,  which  is  =  =t«,  or 

1.  This  makes  the  density  at  this  point  a  proper  standard 
of  comparison.     The  denuty  there  is  to  the  dennty  at  I  as 

AI 

1  to  ~^,  or  as  5 1  to  A  t ;  and  this  is  the  simplest  modeof 
0  I 

comparison.  The  density  half  way  from  the  centre  of  the 
circle  of  dispersion  is  to  the  density  at  any  point  I  as  i  I  to 
I  A. 

Lastly,  through  L  describe  the  common  rectangular  hy- 
perbola At  L  n,  meeting  the  ofdinates  of  the  former  in  Ar,  L, 
and  n ;  and  draw  ft  A  parallel  to  £  C,  cutting  the  ordinates 
in  ^,^  r,  &c.  Then  CR:CE  =  Eir:Rfi,  andCB: 
CE^CR  =  £Xr:  R7»— EAr,  or  C  R  :  RE  =  Eft:  rn, 
and  ftl:IA  =  £ft:rn.  And  thus  we  have  a  veiy  simple 
expression  of  the  density  in  any  point  of  the  circle  of  dis- 


nLt0oe».  417 


parmL  Let  the  point  be  any  where,  as  at  I.  IKride  the 
lens  at  Baa  AD  if  divided  in  I,and  then  rn  isas  theden- 
aty  in  I. 

These  two  measures  were  given  by  Newton ;  the  first  in 
his  Treatise  de  Mundi  SysUnuUe,  and  the  last  in  his  Optics; 
but  both  without  demonstration. 

If  the  hyperbola  Jt:  L  n  be  made  to  revolve  round  the 
axis  C  Q,  it  will  generate  a  solid  spindle,  which  will  measure 
the  whde  quantity  of  light  which  passes  through  different 
portions  of  the  circle  61  dispersion.  Thus  the  solid  pro- 
duced by  the  revolution  of  L  Xr/will  measure  all  the  light 
which  occupies  the  outer  part  of  the  drcle  of  dispersion  ly- 
ing without  the  middle  of  the  radius.  This  space  is  fths 
of  the  whole  circle ;  but  the  quantity  of  light  is  but  ^th  of 
the  whole. 

A  still  more  simple  expression  of  the  whole  quantity  of 
Kgfat  passing  through  different  p(n*tions  of  the  circle  of  chro- 
matic dispersion  may  now  be  obtained  as  follows : 

It  has  been  demonstrated,  that  the  density  of  the  light  at 

A I  E  R 

I  is  as  -J—- ,  or  as  -p^ .      Suppose   the   figure   to   turn 
0  I  C  R. 

round  the  axis.    I  or  R  describe  circumferences  of  circles ; 

and  the  whde  light  passing  through  this  circumference  is 

as  the  drcumference  or  as  the  radius,  and  as  the  density 

E  R 

jointly.     It  is  therefore  as  -p^-^-  x  C  R,  that  is,  as  E  R. 

C  R 

Draw  any  straight  line  E  m,  cutting  R  N  in  ^,  and  any 
other  ordinate  F  L  in  x  R  ^.  The  whole  light  which  illu- 
minates the  circumference  described  by  I  is  to  the  whole 
hght  which  illuminates  the  centre  iasERtoEC,  or  as 
R  ^  to  C  m.  In  like  manner,  the  whole  light  which  illu- 
minates the  circumference  described  by  the  pointy  in  the 
circle  of  dispersion  is  to  the  whole  light  which  illuminates 
the  centre  6,  as  F  x  to  C  ffi.  The  lines  C  fft,  R  S,  F  or,  are 
therefore  proportional  to  the  whole  light  which  illuminates 
the  corresponding  circumferences  in^the  circle  of  dispersbn. 
Vol.  III.  %  D 
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Therefore  the  whcde  fight  whidi  fidb  on  die  cirde  vine 
radiusis&I,  wiQberepresoitedbythetrqpeiiiimi&CES; 
and  the  whole  light  which  falls  on  the  ring  deactibtd  bj 
I  A,  will  be  represented  by  the  trian^£#B;  andioof 
any  other  portions. 

By  oonadering  the  figure,  we  see  that  the  distribiiliaB 
of  the  light  is  exceedingly  unequal  Bound  the  marjpD  it 
has  no  sensible  density ;  while  itsdensity  in  the  very  centre 
is  incomparably  greater  than  in  any  other  point,  being  esf 
pressed  by  the  asymptote  of  a  hyperbola.     Also  the  cade 

described  with  the  radius  -r^  contains  |ths  of  the  whok 

light.  No  wonder  then  that  the  confunon  caoaed  by  the 
mixture  of  these  circles  of  dispersion  is  less  than  one  should 
expect ;  besides,  it  is  evident  that  the  most  lively  or  impres- 
sive colours  occupy  the  middle  of  the  spectruHi,  and  aie 
there  much  denser  than  the  rest  The  margin  is  eatend 
with  an  illumination  of  deep  red  and  violet,  n^tbar  of  which 
colours  are  brilliant.'  The  margin  will  be  of  a  dark  daret 
colour.  The  centre  revives  all  the  colours,  but  in  a  pro- 
portion of  intensity  greatly  different  from  that  in  the  com- 
mon prismatic  spectrum,  because  the  radiant  points  L, 
jP'  ^»  ff*  ^^'  ^y  ^bich  it  is  illuminated,  are  at  such  diiEaent 
distances  from  it  It  will  be  white ;  but  we  apprdbendnot 
a  pure  white,  being  greatly  overcharged  with  the  middle 
colours. 

These  considerations  show  that  the  coloured  fringes, 
which  are  observed  to  border  very  luminous  objects  seen  on 
a  dark  ground  through  optical  instruments,  do  not  proceed 
from  the  object-glass  of  a  telescope  or  microscope,  but  ficm 
an  improper  construction  of  the  eye-glasses.  The  chroma- 
tic dispersion  would  produce  fringes  of  a  difiereiit  colour, 
when  they  produce  any  at  all,  and  the  colours  would  be 
differently  disposed.  But  this  dispersion  by  the  object-ghtfs 
can  hardly  produce  any  fringes :  its  effect  is  a  general  and 
almost  uniform  mixture  of  circles  all  over  the  field,  whidi 
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produces  an  uniform  haziness,  as  if  the  object  were  viewed 
at  an  improper  distance,  or  out  of  its  focus,  as  we  vulgar- 
ly express  it 

We  may  at  present  form  a  good  guess  at  the  limit  which 
this  cause  puts  to  the  performance  of  a  telescope.    A  point 
of  a  very  distant  object  is  represented,  in  the  [ucture  formed 
by  the  object-glass,  by  a  little  drde,  whose  diameter  is  at 
least  jj^th  of  the  aperture  of  the  object-glass,  making  a 
very  full  allowance  for  the  superior  brilliancy  and  denaty 
of  the  central  light.     We  look  at  this  picture  with  a  mag* 
nifying  eye-glass.   This  magmfies  the  picture  of  the  point 
If  it  ampUfy  it  to  such  a  degree  as  to  make  it  an  object  in- 
dividually distinguishable,  the  confusion  is  then  sensible. 
Now  this  can  be  computed.     An  object  subtending  one 
minute  of  a  degree  is  distinguished  by  the  dullest  eye,  even 
although  it  be  a  dark  object  on  a  bri^t  ground.     Let  us 
therefore  suppose  a  telescope,  the  object-glass  of  which  is 
of  six  feet  focal  distance,  and  one  inch  aperture.    The  dia- 
meter of  the  circle  of  chromatic  dispermon  will  be  ^i^^th  of 
an  inch,  which  subtends  at  the  centre  of  the  object-glass  an 
angle  of  about  9^  seconds.    This,  when  magnified  six  times 
by  an  eye-glass,  would  become  a  distinguishable  object ; 
and  a  telescope  of  this  length  would  be  indistinct  if  it  mag- 
nified more  than  six  times,  if  a  point  were  thus  spread  out 
into  a  spot  of  uniform  intensity.    But  the  spot  is  much  less 
intense  about  its  margin.     It  is  found  experimentally  that 
a  piece  of  engraving,  having  fine  cross  hatches,  is  not  sen- 
sibly indistinct  till  brought  so  far  from  the  limits  of  per- 
fectly distinct  vision,  that  this  indistinctness  amounts  to 
6'  or  6'  in  breadth. — Therefore  such  a  telescope  will  be 
sensibly  distinct  when  it  magnifies  36  times ;  and  this  is 
very  agreeable  to  experience. 

We  come,  in  the  second  place,  to  the  more  arduous  task 
of  ascertedning  the  error  arising  from  the  spherical  figure  of 
the  surfaces  employed  in  optical  instruments.— -Suffice  it  to 
say,  before  wc  begin,  that  although  geometers  have  exhi« 


dimI  other  niraui  01  wmeB  whidi  sn  lolrily 

dui  emr,  they  cunxn  be  executed  by  tlie  wtiot ;  ad  m 

■re  therefore  restricted  to  the  employment  of  aphwipJ  iiw- 


Of  all  the  determinatioiis  which  have  been  gpvcnof  iffa^ 
rical  aberratioii,  that  by  Dr  Smith,  in  his  Optica,  which  ii 
an  impmrement  of  the  fundamental  theorem  of  that  ant 
elegant  geometer  Huygfaens,  is  the  moat  perqpicuoua  aad 
palpable.  Some  others  are  more  concise,  and  miidi  better 
fitted  for  after  use,  and  will  therefore  be  employed  fay  us 
in  the  prosecution  of  this  article.  But  they  do  not  keep  in 
▼iew  the  optical  facts,  giving  the  mind  a  picture  of  the|KO- 
gress  of  the  rays,  which  it  can  contemplate  and  disoom 
amidst  many  modifying  drcumstanoes.  By  ingenious  id>- 
stitutions  of  analytical  symbols,  the  investigation  is  render- 
ed expeditious,  oondse,  and  certain ;  but  theae  are  not  im- 
mediate sjrmbols  of  things,  but  of  operationa  of  the  mind ; 
objects  sufficiently  subtile  of  themselves,  and  hafiog  no  need 
of  substitutions  to  make  us  lose  sight  of  the  real  subject ; 
and  thus  our  occupation  degenerates  into  a  process  almost 
without  ideas.  We  shall  therefore  set  out  with  Dr  Smith's 
fundamental  ThecH^m. 

1 .  In  Reflections. 

Let  A  B  V  (Fig.  3.)  be  a  concave  spherical  mirror,  of 
which  C  13  the  centre,  V  the  vertex,  C  V  the  axis,  and  F 
the  focus  of  an  infinitely  slender  pencil  of  parallel  rays  pss^ 
ing  through  the  centre.  Let  the  ray  a  A,  parallel  to  the 
axis,  be  reflected  in  A  G,  crossing  the  central  ray  C  V  in^ 
Let  A  P  be  the  sine  of  the  semi-aperture  A  V,  A  D  its  taa* 
gent,  and  C  D  its  secant. 

The  aberration  Ff  from  the  principal  focus  of  oentrsi 
rays  is  equal  to  ^  of  the  excess  V  D  of  the  secant  above  the 
radius,  or  very  near  equal  to  4  of  V  P,  the  versed  sine  of 
the  semi-aperture. 


For 
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For  because  A  D  is  perpendicular  u>  C  A,  the  poinU  C, 
A,  D,  are  in  a  circle,  of  which  C  D  is  the  diameter ;  and 
beonise  Ay  is  equal  to  C/,  by  reason  of  the  equality  of 
the  angles/ A  C,  /C  A,  and  C  A  a,  /  is  the  centre  trf  lh« 
orcle  through  C,A,  D,  and/D  is  =  ^  C  D.  But  FC  is 
=  i  C  V-     Therefore  F/is  j  of  V  D. 

But  beoauK  DV:yPj=DC:VC,  andDCitvOT 

little  greater  than  V  C  when  the  aperture  AB  is  moderato, 

D  V  is  wiy  tittle  greater  than  V  P,  and  F^u  wy  nearif 

equal  to  i  of  V  P. 

A  V* 
Cor.  1.  TheloD^tudinalabCTrationu:::^:^— ,£vPV 

,  AY* 

M  very  nearly  =  ^^y. 

FG  :  ¥f=  AP  :  P^  «  AV  :  i  CV  nearly, 

.u—r      x.«        AV»        8        AV» 
tberafore  FG  =  j^y  X  gy  =  g^^ 


%     In  Rf/iwiioni. 

Let  AVB  (Fig.  4.  or  £)  be  «  spbeiieal  aurftce  Kpa- 
rating  two  refractitig  substances,  C  the  centre,  V  the  ver- 
tex, A  V  the  semi-aperture,  A  P  its  nne,  P  V  its  versed 
une,  and  F  the  focus  of  parallel  rays  infinitely  Dear  to  the 
axil.  Let  the  extmne  ray  a  A,  parallel  to  the  axis,  be  re- 
fivcted  into  AG,  crossing  C  F  in^  which  is  tberefcK«  the 
fbcus  of  extreme  paralld  rays. 

The  rectangle  of  the  titu  of  incidence,  by  Vu  diffirtnei 
^ffie  rinet  of  incidence  and  reaction,  it  to  the  aquart  aj 
0u  eine  of  Refraction,  at  the  verted  tine  of  the  temi-aper- 
twt  it  ^  the  iongitudinal  aberration  of  the  extreme  rag/i. 

Call  the  rane  of  inddence  t,  the  sine  of  re&action  r,  and 
their  difference  d. 

Jmd  CA,  and  about  the  centreydcieribe  ibm  avdt  AD. 
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"  Tlie  angle  ACV  is  equal  to  the  angle  of  ifMadenee^  nd 
C  Ay*i8  the  angle  of  refraction.  Then,  aboe  the  sne  o{ 
inddence  is  to  the  nne  of  refraction  asVFtoCF,orai 
A/to  C^  that  is,  as  D/to  C^  we  have 

CF:FV  =  C/:/D 
by  converrion       CF  :  C  V  =  C/:  CD 
altem.  conver.      C  F  —  C/:  C  V—  C  D  =  C  F:  CV 
or        .        -       F/:  VD  =  CFiCV,  =  r:A 

AP*  AP* 

*  Now  PV  =  ^.p^^y,  =  ^^jy-  nearly,  andPD  = 

AP*  AP*  AP* 

/FiTv  =  27v  "^'y^  =  2FV  °«^y-  '"^ 

fore  PV  :  PD  =  FV:CV,  and  DV:PV=CF:F¥ 

nearly. 

We  had  above  F/:  V  D  =  r  :  d; 

andnow        -  VD  :  P  V  =  CF  :  F  V,  =  r :  •; 

therefcure        -  F/:PV  =  r»:df; 

and  F/=  -^  x  P  V.     Q.  JB.  JR. 

The  aberration  will  be  different  according  as  the  refrac- 
tion is  made  towards  or  from  the  perpendicular;  that  is, 
according  as  r  is  less  or  greater  than  i.     They  are  in  the 

ratio  of -TT  to  -3—,  or  of  r*  to  t^      The  aberration  there- 
at      dr^ 

fore  is  always  much  diminished  when  the  refraction  is  made 

from  a  rare  into  a  dense  medium.     The  proportion  (^the 

anes  for  air  and  glass  is  nearly  that  of  3  to  2.     When  the 

light  b  refracted  into  the  glass,  the  aberraticm  is  nearly  j 

of  P  V  ;  and  when  the  light  passes  out  of  glass  into  air,  it 

is  about  8  of  P  V. 

r^      'AP-  r* 

CcT,  1.  Fy=  -p  X  -acv  "^'''y>  ^"^  ^  >s  also  =  T?x 

A  P*  A  P^ 

^py,  because  PV  =  ^^  nearly,  and  t  :rf=FV: 

CV. 
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.    Cor.*  BecwiBe^:  PA  =f=F/:  JPG 

or  F  V  :  A  V  =  F/ :  F  G  nearly, 

AV       r* 
we  have  F  G,  the  lateral  aberration,  =  Fy*X  jryi  =  -gi 

AV»  r«        AV 

X 


FG 

CdT.  S.  Because  the  angle  F* Ay*  b  proportional  to  =^ 

very  nearly,  we  have  the  angular  abberration  F  A/=  -g 

AV^  _  r'        AV^ 
''aFV'"  ?   ^2CV^* 

In  general,  the  longitudinal  aberrations  from  the  focus 
of  central  parallel  rays  are  as  the  squares  of  the  apertures 
directly,  and  as  the  focal  distances  inversely ;  and  the  later- 
al aberrations  are  as  the  cubes  of  the  apertures  directly, 
and  the  squares  of  the  focal  distances  inversely ;  and  the  an- 
gular aberrations  are  as  the  cubes  of  the  aperture  directly, 
and  the  cubes  of  the  focal  distances  inversely. 

The  reader  must  have  observed,  that  to  simplify  the  Ib- 
vestigation,  some  small  errors  are  admitted.  PV  and  PD 
are  not  in  the  exact  proportion  that  we  assumed  them,  nor 
is  D/* equal  to  F  V.  But  in  the  small  apertures  which  suf- 
fice for  optical  instruments,  these  errors  may  be  disre- 
garded. 

This  spherical  aberration  produces  an  indistinctness  of 
vision,  in  the  same  manner  as  the  chromatic  aberration 
does,  viz,  by  spreading  out  every  mathematical  point  of  the 
object  into  a  little  spot  in  its  picture;  which  spots,  by 
nuxing  with  each  other,  confuse  the  whole.  We  must  now 
determine  the  diameter  of  the  circle  of  diffu»on,  as  we  did 
in  the  case  of  chromatic  dispernon. 

Let  the  ray  /}«  (Fig.  6)  be  refracted  on  the  other  side 
of  the  axis,  into  •  H  |,  cutting  A/G  in  H,  and  draw  the 
perpendicular  E  H.    Call  AVa,  •¥•,  V/(or  VF,  or  V^, 
which  in  this  comparison  may  be  taken  as  equal)  =/,  "Bf 
=  ft,  and/E  =  f  jr. 


I 
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AV* :  •  V  =  F/:  Ff  (■heady  ilnnii«HMfci!)aaiF.» 

=  4- 6,  and  F/— F  f ,  (or/0  =  *  — J- *»  = -V- 


=s -y  X  o*  —  •',  = -^  X  o+«  X  o— ».  A1»F/:PA 
«/E:EH,  or/:a  =  *:^  =  EH.  AndP»:P# 
=  EH:E#,or«:/=~:^  =  E#.    Therefcte/* 

= h  X,  =  — ^ •  =  —  X  a+«.     Therefiire  — X 

•  •  •  • 

_  h        — : —      -I     ^  ft         1 

a  ^.  =  -^  X  a+«  X  a—-,  and  —  =  -^  X  •— -,  md 


«  s=  -Y-  X  •  (a  —  •).     Therefore  «  is  greatest  when  •  % 


a  — •  is  greatest ;  that  is,  when  •z=z\a.  Therefore  EH 
is  greatest  when  P  *"  is  eqiial  to  the  half  of  AP.    W&ea 

this  18  the  case,  we  have  at  the  same  time  — »•  X  «  («— «) 

a 

=  -^  X  i  a%  and  JT  =  i  6,  or  E  H  =  i  F  G.    That  is, 

the  (Uameter  of  the  circle  of  aberration  through  which  the 
whole  of  the  refracted  light  must  pass,  is  \  of  the  diameler 
of  the  circle  of  aberration  at  the  focus  of  parallel  central 
rays.  In  the  chromatic  aberration  it  was  ^  ;  so  that,  in 
this  respect,  the  spherical  aberration  does  not  create  t» 
great  oonfiision  as  the  chromatic. 

We  are  now  able  to  compare  them,  ^nce  we  have  now 
the  measure  of  both  the  circles  of  aberration. 

It  has  not  been  found  possible  to  give  more  than  four 
inches  of  aperture  to  an  object-glass  of  100  feet  focal  .dis- 
tance, so  as  to  preserve  sufficient  distinctness.  If  we  com- 
pute the  diameter  of  the  circle  £  H  correspcmding  to  this 

1 


aperture,  we  shall  find  it  not  much  to  exceed  r^ 


000 


T  of 


\. 


aa  indb.    if  «■  restrict  d»  ciide  of  dnomalic  dispenifm 
^  vf  V  of  the  apertuic^  whidi  it  hardly  the  fifth  part  of  the 

whole  diqperskm  in  it,  it  is  ^^  of  an  inch,  and  is  about 


y 


1900  times  greater  than  the  other. 

The  drde  of  spherical  aberration  of  a  pUmo-oonvex  lens, 
with  the  plane  side  next  the  distant  olgect,  is  equal  to  the 
circle  of  chromatic  dispersion  when  the  semi-aportnre  is 
about  15^:     For  we  saw  formerly  that  E  H  is  ^<^F 6, 

and  that  F  G  is  =  -;^  2AC«»  ^^^  therefore  E  G  =  -;j- 

A  P^  A  P      . 

^  ft  AC**     ^^  being  made  =     ^>    ,  gives  us  A  P  = 

BiAC/        i_*i*  lAC         J  j^ 

■-—J — ,  which  IS  nearly  — ~ — ,  and  corresponds  to 

an  aperture  of  30^  diameter,  if  r  be  to  t  as  3  to  2. 

Sir  Isaac  Newton  was  therefore  well  entitled  to  say,  that 
it  was  quite  needleas  to  attempt  figures  which  should  have 
less  aberration  than  spherical  ones,  while  the  confusion  pro- 
duced by  the  chromatic  dispersion  renudned  uncorrected. 
Since  the  indistinctness  is  as  the  squares  of  the  diameters 
of  the  circles  of  aberration,  the  disproportion  is  quite  be. 
yond  our  imagination,  even  when  Newton  has  made  such 
a  liberal  allowance  to  the  chromatic  dispersion.  But  it 
must  be  acknowledged,  that  he  has  not  attended  to  the  dis- 
tribution of  the  light  in  the  circle  of  spherical  aberration, 
and  has  hastily  supposed  it  to  be  like  the  distribution  of 
the  coloured  light,  indefinitely  rare  in  the  margin,  and  den- 
ser in  the  centre. 

We  are  indebted  to  Father  Boscovich  for  the  elegant 
determination  of  this  distribution,  from  which  it  appears, 
that  the  light  in  the  margin  of  the  circle  of  spherical  aber- 
ration, instead  of  being  incomparably  rarer  than  in  the  spaces 
between  it  and  the  centre,  is  incomparably  denser.  The  in- 
distinctness therefore  produced  by  the  intersection  of  th^se 


If 


406  TXLitoonE. 

lumiiKNis  circumfereiioeB  is  Tasdy  gioitf  ad  inoraHBidR 

wIk^  incUsdnctiieas  exceedingly.    By  *  a  groM  eiMitki 

which  we  have  made,  it  appears  to  be  increased  at  ksit  oOO 

times.  The  proportJonal  indistjoctness,  thetcfiafe^iartesd  of 

1900* 
being  1900*  to  l,is  only  -ggg-,arnearly  TSaOtol— apro- 

porticm  still  suffidently  great  to  wanant  NewtOD^s  pwftwnee 

of  the  reflecting  telescope  of  his  invention.     And  we  nif 

now  observe,  that  the  reflecting  tdesoope  has  even  a  gmt 

advantage  over  a  refracting  one  of  the  same  focal  distmoe^ 

inth  respect  to  its  spherical  aberration :    Fcv  we  bave  Ken 

r*     AV* 
(Cor.  2.)  that  the  lateral  aberration  is  -zj-  oCV^  This  fir 


a  plano-convex  glass  is  nearly  -j-  apx^i'     -^^  ^ 

meter  of  the  circle  of  aberration  is  one-fourth  of  this,  or  -rg- 

AV 
X  anxTt    ^^  ^c  manner,  the  lateral  aberration  of  a  ocm- 

cave  mirror  is  ^r^xr^  ;  and  the  diameter  of  the  circle  of 

AV 
dispersion  is  opyi ;  and  therefore,  if  the  soifaoes  were 

portions  of  the  same  sphere,  the  diameter  ofthecaideof 
aberration  of  refracted  rays  would  be  to  that  of  the  drde 
of  aberration  of  reflected  rays  as  ^^^  to  |  or  as  9  to  4.  But 
when  the  refracting  and  reflecting  surfaces,  in  the  position 
here  considered,  have  the  same  focal  distance,  the  raduu 
of  the  refracting  surface  is  four  times  that  of  the  reflecting 
surface.  The  proportion  of  the  diameters  of  the  drcles  of 
spherical  aberration  is  that  of  9  X  4^  to  4,  or  of  144  to  4, 
or  36  to  1.  The  distinctness,  therefore,  of  the  reflector  is 
36  X  36,  or  1296  times  greater  than  that  of  a  plano-con- 
vex lens  (placed  with  the  plane  side  next  the  distant  ob- 
ject) of  the  same  breadth  and  focal  distance,  and  will  there- 
fore admit  of  a  much  greater  magnifying  power.    This 


1» 

t 
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cbmpiarjton  is  indeed  made  in  drcumstances  most  &vour- 
aUe  to  the  reflector,  because  this  is  the  very  worst  podtion 
of  a  planb-oonvex  lens.  But  we  have  not  as  yet  learned 
the  aberration  in  any  other  position.  In  another  poation, 
the  refraction  and  consequent  aberration  of  both  surfaces 
are  com{dicated. 

Before  we  proceed  to  the  oonnderation  of  this  vetj  diffi* 
cult  subject,  we  may  deduce,  from  what  has  been  already 
demonstrated,  several  general  rules  and  maxims  in  the  con- 
struction of  telescopes,  which  will  expliun  (to  such  readers 
as  do  not  wish  to  enter  more  deeply  into  the  subject)  and 
justify  the  proportion  which  long  practice  of  the  best  art^ 
ists  has  sanctioned. 

In(^tinctoess  proceeds  from  the  ccHnmixture  of  the  cir- 
cles of  aberration  on  the  retina  of  the  eye :  For  any  one 
sensible  point  of  the  retina,  being  the  centre  of  a  drde  of 
aberration,  will  at  once  be  affected  by  the  admixtiure  of  the 
rays  of  as  many  different  pencils  of  light  as  there  are  sen- 
mUe  points  in  the  area  of  that  drde,  and  will  convey  to 
the  mind  a  mixed  sensation  of  as  many  visible  points  of  the 
object  This  number  will  be  as  the  area  of  the  drcle  of 
aberrations,  whatever  be  the  dze  of  a  sendble  point  of  the 
retina.  Now,  in  vision  with  tdescopes,  the  diameter  of 
the  cirde  of  aberration  on  the  retina  is  as  the  apparent 
magnitude  of  the  diameter  of  the  corresponding  cirde  in 
the  focus  of  the  eye-glass ;  that  is,  as  the  angle  subtended 
by  this  diameter  at  the  centre  of  the  eye-glass ;  that  is,  as 
the  diameter  itself  directly,  and  as  the  focal  distance  of  the 
eye-glass  inversdy.  And  the  area  of  that  drde  on  the  re- 
tina is  as  the  area  of  the  drde  in  the  focus  of  the  eye-glass 
directly,  and  as  the  square  of  the  focal  distance  of  the  eye- 
glass inversely.  And  this  is  the  measure  of  the  apparent 
indistinctness. 

Cor.  In  all  sorts  of  telescopes,  and  also  in  compound 
microscopes,  an  object  is  seen  equally  distinct  when  the  fo- 
cal distance  of  the  eye-glasses  are  proportional  to  the  dia- 
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BMtert  of  tbe  eifdes  of  abeffatkn  in  tiit  ibeuscfdMok 
jeot-gl$88. 

Here  we  do  not  oonadcr  the  trifling  iltmrtion  wUk 
WttU-ooostructed  eye-glasiet  may  add  to  the  indiniaJiw 
of  the  fint  image. 

In  refracting  telefNX>pe8,  the  apparent  indktinotiMaiisw 
the  area  of  the  objeetglaas  directly,  and  as  the  mptn  of 
the  focal  distance  of  the  eye-glaM  inversely.  Fte  it  )m 
heen  shown,  that  the  area  of  the  circle  of  diqienuoQ  ii« 
the  area  of  the  object-glass,  and  that  the  qiherical  alxRa> 
tion  is  insignificant  when  compared  with  this. 

Therefore,  to  make  r^ecting  telescopes  equally  distiiBC 
the  diameter  of  the  object-glass  must  be  proportioBa)  to  ike 
focal  distance  of  the  eye-glass. 

But  in  reflecting  telescopes,  the  indistinctness  is  as  the 
nxth  power  of  the  aperture  of  the  object-glass  dirsctiy,  and 
as  the  fourth  power  of  the  focal  distance  of  the  olgect-glMi 
and  square  of  the  focal  distance  of  the  eye-glass  inverael/i 
This  b  evident  from  the  dimensions  of  the  circle  of  abcr- 

AV* 

ration,  which  was  found  proportional  to  "pyr- 

Therefore,  to  have  them  equally  distinct,  tbe  cubes  of 
the  apertures  must  be  proportional  to  tbe  squares  of  the 
focal  distance  multiplied  by  the  focal  distance  of  the  eye- 
glass. 

By  these  rules,  and  a  standard  telescope  of  iqppiofod 
goodness,  an  artist  can  always  proportion  the  parts  of  soy 
instrument  he  wishes  to  construct.  Mr  Huyghens  made 
one,  of  which  the  object-glass  had  30  feet  focal  disUaos 
and  three  inches  diameter.  The  eye-glass  had  3,8  indici 
focal  distance.  And  its  performance  was  found  superior 
to  any  which  he  had  seen ;  nor  did  this  appear  owing  to 
any  chance  goodness  of  the  object-glass,  because  he  found 
others  equally  good  which  were  constructed  on  similar  pro- 
portions.    This  has  therefore  been  adopted  as  a  standard. 

It  does  not  at  first  appear  how  there  oan  be  any  diffl* 
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culty  in  tUi  Blatter,  because  we  can  always  diimniA  the 
aperture  of  the  ob)ectf;lass  or  speculum  till  the  circle  of 
abermdon  is  as  small  as  we  please.    But  by  dittunishiog 
this  aperture,  we  diminish  the  light  in  the  duplicate  ratio 
ol  the  aperture.    Whatever  be  the  aperture,  the  bright* 
ness  is  'diminished  by  the  magnifying  power,  which  qnreads 
the  light  over  a  greater  surface  in  the  bottom  of  the  eye* 
The  apparent  brightness  must  be  as  the  square  of  the  aper- 
ture of  the  tdesoope  directly,  and  the  square  of  the  amf^ 
fication  of  the  diameter  of  an  object  inversely.     Objects^ 
therefore,  will  be  seen  equally  bright,  if  the  apertures  of 
the  telescopes  be  as  the  focal  distances  of  the  object^ lasses 
directly,  and  the  focal  distance  of  the  single  eye>^ass  (or 
eye-glass  equivalent  to  the  eye-piece)  inversely.    There* 
lore,  to  have  telescopes  equally  distinct  and  equally  bright, 
we  must  combine  these  proportions  with  the  former.    It 
if  needless  to  go  farther  into  this  subject,  because  the  con* 
struction  of  refracting  telescopes  has  been  so  material)^ 
dbanged  by  the  correcticm  of  the  diromatic  aberration,  that 
there  can  hardly  be  given  any  proportion  between  the  ob» 
ject-glass  and  eye-glasses.    Every  thing  now  depends  oo 
the  degree  in  which  we  can  correct  the  aberrations  of  the 
olgeei-f^ass.    We  have  been  able  so  far  to  diminish  the 
Ghroesatic  aberration,  that  we  can  ^ve  very  great  apertures 
without  its  becoming  sensible.    But  this  is  attended  with 
■o  great  an  increase  of  the  aberration  of  figure,  that  this 
last  becomes  a  sensible  quality.     A  lens  which  has  80^  for 
ks  semi-aperture,  has  a  circle  ol  aberration  equal  to  its 
diromatic  aberration.    Fortunately  we  can  derive  from  the 
vciy  method  of  contrary  refrractions,  which  we  employ  for 
tenoving  the  chromatic  aberration,  a  correcdon  of  the 
other.     We  are  indebted  for  this  contrivance,  also,  to  the 
iBnstrious  Newton. 

We  call  this  Newton^s  contrivance,  because  he  was  the 
first  who  proposed  a  construction  of  an  object-glass,  ki 
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whidi  the  aberration  was  corrected  by  thecoiilnryabcnii 
tioDS  of  glass  and  water. 

Huygfaens  had  indeed  supposed,  that  our  riUwiie  Cres- 
C<»r  had  emjiojed  in  the  eyes  of  animals  maDy  iffiaetimis 
in  place  of  one,  in  cHrder  to  make  the  TiaioD  more  (&diiet ; 
and  the  invidious  detractors  from  NewtmAi  fione  hue 
catched  at  this  vague  conjecture  aa  an  indicadoo  of  faa 
knowledge  of  the  [xmbility  of  destroying  the  abemtkmrf 
figure  by  contrary  refractions.  But  this  is  Tcry  iU-fixmd- 
ed.  Huyghens  has  acquired  sufficient  rqiutation  bj  hii 
theory  of  aberrations.'  The  scc^  of  his  writing  in  die 
passage  alluded  to,  is  to  show,  that  by  dividing  anj  in- 
tended refraction  into  parts,  and  producing  a  certain  oco. 
veigence  to  or  divergence  from  the  axis  of  an  optied  in- 
strument by  means  of  two  or  three  lenses  instead  of  oa^ 
we  diminish  the  aberrations  four  or  nine  times.  This  con- 
jecture about  the  eye  was  therefore  in  the  natural  tnin  of 
his  thoughts.  But  he  did  not  think  of  destro3ring  the  aber- 
ration altogether  by  opposite  refractions.  Newton,  in 
1669,  says,  that  opticians  need  not  trouble  themsdves 
about  giving  figures  to  their  glasses  other  than  spherical. 
If  this  figure  were  all  the  obstacle  to  the  improvonent  of 
telescopes,  he  could  shew  them  a  construction  of  an  ckject- 
glass,  having  spherical  surfaces,  where  the  aberration  is 
destroyed ;  and  accordingly  gives  the  construction  of  one 
composed  of  glass  and  water,  in  which  this  is  done  cam- 
pletely  by  means  of  contrary  refractions. 

The  general  principle  is  this :  When  the  radiant  point 
R,  (Fig.  7.)  or  focus  of  incident  rays,  and  its  conju- 
gate focus  F  of  refracted  central  rays,  are  on  opposite  ades 
of  ^the  refracting  surfiEU^  or  lens  V,  the  conjugate  focus/ 
of  marginal  rays  is  nearer  to  R  than  F  is.  But  when  the 
focus  of  incident  rays  R'  lies  on  the  same  side  with  its  con- 
jugate focus  F'  for  central  rays,  R'J*'  is  greater  than 
R'F'. 

Now   Fig.  8.  represents  the  contrivance  for  destroy- 
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ing  the  otiour  produced  at  F»  the  principal  focus  of  the 
convex  lens  V,  of  crown  glass,  by  means  of  the  contrary 
refiaction  of  the  concave  lens  v  of  flint  glass.  The  inci- 
dent parallel  rays  are  made  to  converge  to  F  by  the  first  ' 
lens.  This  conveigenoe  is  diminished,  but  not  entirely  de^- 
stroyed,  by  the  concave  lens  v,  and  the  focus  is  formed  in 
F.  F  and  F  therefore  are  conjugate  foci  of  the  concave 
lens.  If  F  be  the  focus  of  V  for  central  rays,  the  margi- 
nal rays  will  be  collected  at  some  pointy  nearer  to  the  lens. 
If  F  be  now  considered  as  the  focus  of  light  incident  on 
the  centre  of  v,  and  F'  be  the  conjugate  focus,  the  margin 
nal  ray jp  F  would  be  refracted  to  some  pcnnty*'  lying  be^ 
jond  F'.  Therefore  the  marginal  ray  jor/*  may  be  refract- 
ed to  F',  if  the  aberration  of  the  concave  be'properly  ad- 
justed  to  that  of  the  convex. 

This  brings  us  to  the  most  difficult  part  of  our  sdbgect, 
the  compounded  aberrations  of  different  surfaces.  Our  li- 
mits will  not  give  us  room  for  treating  this  in  the  same  ele- 
mentary and  perspicuous  manner  that  we  employed  for  a 
single  surface.  We  must  try  to  do  it  in  a  compendious 
way,  which  will  admit  at  once  the  different  surfaces  and 
the  different  refractive  powers  of  different  substances. 
This  must  naturally  render  the  process  more  complicated ; 
but  we  hope  to  treat  the  subject  ih  a  way  easily  compre- 
hended by  any  person  moderately  acquainted  with  common 
algebra ;  and  we  trust  that  our  attempt  will  be  favourably 
recdved  by  an  indulgent  public,  as  it  is  (as  far  as  we  know) 
the  only  dissertation  in  our  language  on  the  construction 
of  achromatic  instruments.  >  We  cannot  but  express  our 
surprise  at  this  indifference  about  an  invention  which  has 
done  so  much  honour  to  our  country,  and  which  now  con- 
stitutes a  very  lucrative  branch  of  its  manufacture.  Our 
artists  infinitely  surpass  all  the  performances  of  fordgners 
in  this  branch,  and  supply  the  markets  of  Europe  without 
any  competition ;  yet  it  is  from  the  writings  on  the  Conti- 
nent that  they  derive  thdr  scientific  instruction,  and  parti- 
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eukriiy  fifom  the  diwertariopft  of  ClMftint^irfiQ 
fitUy  limplified  the  analyns  of  op6ai  |wn|witiunii.  Wi 
diafl  freely  borrow  from  hnt,  and  £noiii  the  wafdngi  4 
Ahb6  BoKovidi,  who  his  oaomdealbiy  Maptofid  the  fint 
▼lews  of  Chdnut  We  tcoommeiid  the  caigudb  to  the 
curious  reader.  Clairaut^s  disKrtalioiis  are  to  be  froadk 
the  Memoirs  of  the  Aoademy  of  Puisy  1758,  be. ;  thoK 
of  BosooTich  IB  the  Memoits  of  the  AcaAanf  f£  BokgH^ 
and  in  his  five  Tolumes  of  OpuscMlOf  puUiahcd  «t  Banm 
IB  1785.     To  these  may  be  idded  D'Aknbeit  and  Eol» 

Lemma  I.  In  the  right«i^Ied  triangle  M XS,  (Fig. 9t) 
of  which  one  ade  M  X  is  very  onall  m  oomparisMi  if 
cither  of  the  others ;  the  excess  of  Ae  hypothennse  MS| 

MXt 

above  the  side  X  S,  is  very  nearly  equal  to  aiLM& ^ ^ 

M  X* 

^^  o.    For  if  about  the  centre  S,  with  the  radSus  SM,  we 

describe  the  semicircle  A  M  O,  we  have  A  X  x  X  O  = 

MX*.    Now  AX  =  MS~SX,and  XO,  is  nearly 

equal  to  5i  M  S  or  SX  S ;  on  the  other  hanc^  MS  is  near- 

MX* 
ly  equal  to  X S  +    ^^ ;   and,  in  like  manner,  M G  b 

M  X* 
neariy  equal  to  Q-^p  "^  ^^>  ^"^  ^^  ^  neariy  equal  to 

MX« 
2XH+-^"- 

Prop.  I.  Let  the  ray  m  M,  incident  on  the  spherical 
surface  A  M,  converge  to  G ;  that  b,  let  G  be  the  focus 
of  incident  rays.  It  is  required  to  find  the  focus  F  of  re- 
fracted rays  P 

Let  m  express  the  ratio  of  the  sine  of  incidence  and  re- 
fraction ;  that  is,  let  m  be  to  1  as  the  sine  of  incidenoe  to 
the  sine  of  refraction  in  the  substance  of  the  spheze. 

Then  MG:GS  =  8in.MSH.8ui.SMG, 

and  m:    1     =  sin.  SM  G  :  sin.  8MH; 


w 
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theref<tfe 

m  X  M  G  :  G  S  ^  sin 

.  M  S  H  :  s 

in.  S  M  H. 

Now  8,  MSH:&,  SMH  =  MH:HS.  Theiefbre, 
finally,       in.HG:GS  =  MH:HS. 

Now  kt  M  S,  the  radius  of  the  tetracting  sur&ce,  be 
amed'o.  LetAO,  the  ^stancft  of  the  focus  of  inddent 
rays  from  the  surface,  be  called  r.  And  let  A  H,  the  fo- 
cal distance  of  refracted  rays,  be  called  x.  Lastly,  let  the 
ane  M  X  of  the  aemi-aperture  be  called  e.  Observe,  too, 
that  a>  r, «,  are  to  be  considered  as  positive  quantities, 
when  A  S,  AG,  AH,  lie  from  the  surface  in  the  directioa 
in  Which  the  light  is  supposed  to  move.  If,  thetefore,  the 
refracting  surface  be  concave,  that  is,  having  the  centre  on 
that  dde  from  which  the  light  comes ;  or  if  the  inddmt 
rays  are  divergent,  or  the  refracted  rays  are  divergent ; 
then  ai  -r,  w,  ore  negative  quantilies. 

Itisplaintbat  HS^jF— a;  GS  =  r— .a,- alsoAX 

=  |-nearly.  HX  =  fl— |-.  GX  =  r  — |-.  Now 
add  to  H  X  and  to  G  X  their  differences  from  M  H  and 
M"  G,  which  (by  the  Lenuna)  are  5—  and  — ,     We  get 

order  to  shorten  our  notaUon,  make  k  =  —  -.     This 


Now  substitute  these  values  in  the  final  analogy  at  the 
top  of  this  column,,viz.  MH:HS  =  m.  MG:GS;it 
,  et       e*  take' 

■"^^ '-f^+s- "-'■="■■- ^  '  ■■-'• 

(or  ar  At),  because  k^ ,  and  ark  ^r  —  a.     Now 

multiply  the  extreme  and  mean  terms  of  this  analc^.     It 
is  evident  that  it  must  ^ve  us  an  equation  which  will  give 
us  a  value  of  J  or  A  H,  the  quantity  soii^t. 
Vol.  III.  2  E 


But  tliis  equation  is  quadratic.     We  may  avmA  the  )o- 
lutiun  by  on  approximation  which  is  sufficiently  accurate. 

by  suhstituting  for  x  in  the  fraction  —   (which   b  rery 


small  in  all  cases  of  optical  instruments),  an  appro 
value  very  ca»ly  obtained,  and  very  near  the  truth.  This 
is  the  focal  distance  of  an  infinitely  slender  pencil  of  raj^ 
converging  to  G-     This  we  know  by  the  common  critical 


theorem  to  be 


Let  tliis  be  called  9  i  if  in 


.  1      1 


substitute  k  in  place  of ,  this  value  off  becomes  - 


m~ak' 

This  ^ves  us,  by  the  bye,  an  ea^ly  rcmembcFed  ei- 

pression  (and  beautifully  simple)  of  the  refracted  focus  o( 

an  infinitely  slender  pencil,  corresponding  to  any  distance 

.  ,         ,.  .         _,       .  ami 

r  of  the  radiant  point.     For  smce  9  =  —    -   -r,  -  must 


be 


-ak 


ak 


1 


—  — .     We  may  even 

am     '       am     am'       am  ■' 

express  it  more  nmply,  by  expanding  k,  and  it  becomes 
111  1 


Nov  put  this  value  of  -  in  place  of  the  -  in  the  ana- 
ogy  employed  above.  The  first  term  of  the  analogy  be- 
ome.«_-  +  __— ,or*-— .       The    analogy 


now  becomes  «  —  - —  :  a 


r — -.ark.  Hence 

weobtam  the  hnear  equation  mrx — mra  + 


mkat^ 


ark  e' 


from  which  we  finally  de- 
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ffir— -arib—-  i  mk^  . 
We  may  amplify  this  greatly  by  attending  to  the  ele- 
mentaiy  theomn  in  flunons,  that  the  fraction  ^Lzf.  differs 

from  the  fraction  jj  by  the  quantity 5—^  ;  this  being 

•  ■  • 

the  fluxion  of  - .    Therefore  — —  =  -  +  ^ — 3 — -.    Now 

y  y-^y   y       y" 

the  preceding  formula  is  nearly  in  this  utuation.     It  may 

mra     (— imaifc^— ^^^^j^) 
be  ¥rritten  thus ;  ? j-t ,   when 

the  last  terms  of  the  numerator  and  denominator  are  very 
small  in  comparison  with  the  first,  and  may  be  considered 

as  the  X  and  y^  while  m r a  is  the  or,  and  mr  '^  ark  is 
the  y.     Treating  it  in  this  way^  it  may  be  stated  thus : 

mra         {fnra)ifnk^'^mr-ark)(^fnka^^-^) 

mra  (mra)  mk —  (mr — ark)  (mka  + '—) 

°'  '  "^  r(ni— a*)  +  r»(w— a*)* 

The  first  term      .    ,  ,  or  — — y  ^  evidently  =f • 

the  focal  distance  of  an  infinitely  slender  pencil.  There- 
fore the  aberraUon  is  expressed  by  the  second  term,  which 
we  must  endeavour  to  simplify. 

If  we  now  perform  the  multiplications  indicated  by  — 

a  f"A»  X 
(mr  —  ark)  x  (mka \  it  is  plain  that  —  mr 

X  mka  destroys  the  first  term  mra  X  mk  of  the  nume- 
rator of  our  small  fraction,  and  there  remains  of  this  nu- 
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imator  (»  a"  r  t"  —  o  r»  I'+i^)  i  f,  which  is  KJUal 

The  (lenomituitor  was  r*  (m  —  a  Uf,  and  the  rraclion 

,  m'o*       /ft*        Ar"         f^\ 

now  becomes  , j^A ; — \ ;  lie*,  which  is 

(f         ft'         f V 
;—  +  — :  H.     Now  recollect  lliat 

.t=l-i.     Tho,efo,.i;  =  i;(5-1)  = 
or  *n*      m  \o      r/ 


m'a 


t*  t*         ft:* 

Therefore,  instead  of  ~ — ,  write  — j-— ,  and  we  gel 


m"a 


thcfractionP'f— r = ~  -l — }—=*'( 

\m^      vr      vi'r    virJZ         \m        nr" 

mft*   ,    ni-t'Nr       ....             ,            1  —  m^,,      m  k*\ 
s — +  *T —  )— ,  wlijch  IS  equal  tof r~\'r— •  -—  1 

J,  a^d  lin.ll,  to  -  ,- ?^  (f  _  ?t^  £ . 
Therefore  the  focal  distance  of  refracted  rays  is 

This  consists  of  two  parts.  The  first  f  is  the  focal  dis- 
Etance  of  an  infinitely  slender  pencol  m  central  rays,  and 

the  other  —  P'  — , —  (  f  ^ 1  —  is  the   aberration 

m^     \  r  y  a 

aiinng  from  the  spherical  figure  of  the  retractitig  surface. 

Our  formula  has  thus  at  last  put  on  a  -very  «in(Jo form, 
and  is  vastly  preferable  to  Dr  Smith's  for  practice. 

This  aberrabon  is  evidently  proportional  to  the  square  of 
the  semi-aperture,  and  to  the  square  of  the  ^stance  f  •■  but, 
in  order  toobtain  this  simplicity,  several  quantities  were  ne- 
glected. The  assumption  of  the  equality  of  A  X  to  - —  is 
the  first  source  of  error.  A  raudi  more  accurate  value  of  it 
wouldhavebeenT— j — -v,  for  it  is  really  =  ^     AX" 
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If  for  AX  we  substitute  its  approximated  value  — ,we 
should  have  AX  = p,=      ^   r     To  have  used  this 

vahie  Inrould  not  have  much  complicated  the  calculus ;  but  it 
did  not  occur  to  us  till  we  had  finished  the  investigation, 
and  it  would  have  required  the  whole  to  be  changed.  The 
operation  in  pages  485  and  436  is  another  source  of  error. 
But  these  errors  are  very  inconsiderable  when  the  aperture 
is  moderate.  They  increase  for  the  most  part  with  an  in^ 
crease  of  aperture,  but  not  in  the  proportion  of  any  regular 
function  of  it ;  so  that  we  caimot  improve  the  formula  by 
any  manageable  process,  and  must  be  contented  with  it 
The  errors  are  precisely  the  some  with  those  of  Dr  Smith'^s 
theorem,  and  indeed  with  those  of  any  that  we  have  seen, 
which  are  not  vastly  more  complicated. 

As  this  is  to  be  frequendy  combined  witii  subsequent 
operations,  we  shorten  the  expression  by  putting  $  for 

— ^3— l**"" )  "g*-  Then  ^*'  will  express  the  aber- 
ration of  the  first  refraction  from  the  focal  dbtance  of  an 
infinitely  slender  pencil ;  and  now  the  focal  distance  of  re- 
fracted rays  is/=  f  —  f*  /. 

If  the  incident  rays  are  parallel,  r  becomes  infinity  and 

m  — 1      ^  1 

^=     ^j    1^  2"    ®"^  ^  ^^  ^^*^>  *  becomes  =  — ,  and 

1       m— 1                    ma         ,-•                  wi'a? 
"T"  = ,  and  f  = 1%  and  ^  t  becomes  7 5T-5 

wi  — 1        1        e*  e« 

X  — r^a—  ^  ~;t  ^  "stj  =  qTz tn •      This   is  the 

fnr  or        2  '       2  (m  —  1)  m  a 

aberration  of  extreme  parallel  rays. 

We  must  now  add  the  refraction  of  anothor  surface. 

Lemma  S.  If  the  focal  distance  A  G  be  changed  by  a 
anall  quantity  G^,  the  focal  distance  AH  will  also  be 
changed  by  a  small  quantity  H  A,  and  we  shall  have 
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Draw  Mg",  M  ft,  and  the  perpendicukrs  G  i,  H  Ar.  Then, 
because  the  sinca  of  the  angles  of  incidence  are  in  a  con- 
Btant  ratio  to  the  ^nes  of  the  angles  of  refraction,  and  the 
increments  of  these  small  angles  are  proportional  to  the 
increments  of  the  sines,  these  increments  of  the  angles  are 
in  the  sante  constant  ratio.     Therefore, 

We  have  the  angle  C  M^  to  H  M  A  as  m  to  1. 
Now  G^:Gi  =  AG:  AM, 

and  Gi:A*  =  mAG:HA, 

and  hk:  HA=MA:  AH: 

therefore  Gff  :  H  A  =  m  •  A  G' :  A  H*. 

The  easiest  and  most  pers^ncuous  method  for  obtiuning 
the  aberration  of  rays  twice  refracted,  will  be  to  conader 
the  first  refraction  as  not  having  any  aberration,  and  deter- 
mine the  aberration  of  the  second  refraction-  Then  con- 
ceive the  focus  of  the  first  refraction  as  shifted  by  the  aber- 
ration. This  will  produce  a  change  in  the  focal  distance 
of  the  second  refraction,  which  may  be  determined  by  this 
Lemma. 

Pnop-  II.  Let  A  M,  B  N  (Fig.  10,)  be  two  spherical 
utrfaces,  including  a  refracti»g8ub8tance,aDd  having  theu- 
centres  C  and  c  in  the  line  A  G.  Let  the  ray  a  A  pass 
through  the  centres,  which  it  will  do  without  refracUon. 
Let  another  ray  tn  M,  tending  to  G,  be  re&acted  by  the 
first  surface  into  M  H,  cutting  the  second  surface  in  N, 
where  it  is  farther  refracted  into  N  I.  It  is  requured  to 
determiiK  the  focal  distance  BI P 

It  is  plun  that  the  sine  of  incidence  on  the  second  sur- 
face is  to  the  sine  of  refraction  into  the  surrounding  air  as 
]  to  Di.    Also  B  I  may  be  determined  in  relation  to  B  H, 

by  means  of  B  H,  N  *,  B  c,  and  — ,  in  the  same  way  that 

A  H  was  determined  in  relation  to  A  G,  by  means  of  AG* 
M  X,  A  C,  and  m. 

Let  the  radius  of  the  second  surface  be  £,  and  let  e  still 
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express  the  semi^perture,  (because  it  liardly  differs  from 
Na>,  Also  let  .be  the  thickneaa  d*  the  lens.  Then  ab 
tarn,  that  the  fecal  distance  of  the  rayt  refimcted  by  the 
fint  suz&ce,  (ne^^ecdng  the  thidcness  of  the  loia,  end  the 
abemtHHi  of  the  first  surfaoe),  is  lia  distance  of  the  radi- 
ant pcnnt  ibr  the  aecond  retraction,  or  is  the  fbcal  distance 
of  rays  inodent  <Kt  the  second  surftoe.     In  piaoe  cir, 

therefore,  we  must  take  f ;  and  at  ve  make  Xr  =  — — — * 
a       r 

in  orda  to  abbreviate  the  calculus,  let  us  now  make  t  = 

-— »  — ;  and  make -7r=-; — ml,  as  we  made  —  =  — 
of  J       ^  fa 

*  T  -.1  •  1  e,  "— */!.»  «**\«* 
.     Lastly,  m  place  of '  =        »—  1  **  ^ 1  ■y* 

•^ ' =(^-0'»-('-^,)|.=--^  (•>■ 

*    )   H 

Thus  we  have  got  an  expresaon  nmilar  to  the  other ; 
and  the  focal  distance  B  I,  after  two  refractions,  becomes 
B I  =/-/". 

But  this  is  on  the  suppontion  that  B  H  is  equal  to  f, 
whereas  it  is  really  f  —  f*  '  —  •>,  This  must  occaaon  a 
change  in  the  value  just  now  obtained  of  B  I.    The  source 

of  the  diange  is  twofold.  \gt.  Because,  in  the  value  -7- 
,  we  must  put  r—    ^^ ^,  and  because  we  must 

do  the  same  in  the  fraction .     In  the  second  place, 

when  the  value  of  B4I  is  diminished  by  the  quantity  f*  / 
+  >,  B  I  will  sufier  a  change  in  the  proportion  determined 
by  the  2d  Lemma.  The  first  difference  may  safely  be  ne- 
glected, because  the  value  of  '  is  very  small,  by  reason 

<^  the  co-efficient  —  being  very  small,  and  also  because 
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ttic  variation  bears  ii  very  small  ratio  to  the  quanti^  iUijf, 
when  the  true  value  of  t  differs  but  littJe  from  that  of  die 
quantity  for  whicli  it  is  employed.  The  chief  chao^  in 
B  I  is  that  wliich  is  deCcmiincd  hy  the  Lemma.  Tbtnv 
fore  take  from  HI  the  vacation  of  BH,  multiplied  by 

-g-rp-,  which  b  very  nearl_y  =  — ^~.  The  produtt  of 
this  multiplication  is  mf  t  +     '^--     TIus  being  taken 

from  /,  leaves  us  for  the  value  of  B  I_/ — - — ^ — p 

(•"'  +  ')■ 

In  this  value,/ IB  the  focal  distance  of  on  infinitely  des- 
der  pencil  of  rays  twice  refracted  by  a  lens  having  no  tliick- 

mf 
fiess,  "  — ~ —  is  the  shortening  occasioned  by  (he  thick- 
ness, and/*  (wi«  +/)  is  the  effect  of  the  two  aberrations 
tiring  from  the  aperture. 

Zt  will  be  coovKiient}  for  severa/  coJlateral  puipoKS,  (o 
exterminate  from  theae  formulas  the  quantities  i,  2,  ind  f- 

Por  this  purpose  make  -  =:  -  ^  -.     We  have  already  k 

=  i  — -■and"  =  -- 

a       r'         fa       mo  '  mr 

^  -  -f.  —  ^  — .     Now  for  -  —  -  write  ^  -  ;   and  we 
a     ma      mr  b      a  n 

aeil  =  —  —  — .     Therefore  -„=^-j — mlQoyam- 

"  ma      mr      n  f      ^ 

struclkm,  page  438,  Prop.  II.)  becomes  =  -  —  -  +  _  + 

n  — 1      1 


PNir 


pencil  twice  refracted),  viz. \ ,    is    the 


amplest  tipl  em  b^  mmffBed^  and  makeft  n  as  ar  substitute 

1"  '    4i  } 

for  > —  ..^  — ;  a  most  useful  sjrmbol,  as  we  shall  frequently 

find  in  the  sequel  It  also  gives  a  very  simple  exptession 
cf  the  fbcal  distaaoe  of  parallel  rays,  which  we  may  call 
tjhe  prindpal  focal  distance  of  the  lens>  and  distinguish  it 

in  future  by  the  symbol^;for  the  expres8ionl=!!i=l 

H y  becomes  —  = when  the  incident  light  is  pa- 

r  P  ^  ^^         * 

laUeL    And  this  ^ves  us  another  very  ample  and  useful 

measure  ofy ;  for  —  becomes  =  —  H — .      These  equa- 

1        m  —  l       1     1      w— 1  ^1         1        1 
tions  -ri  = +  — f  —  = )  and  -y  =  —  +  — , 

deserve  therefore  to  be  made  very  familiar  to  the  mind.    ^ 

We  may  also  take  notice  of  another  property  of  n.     It 

is  half  the  radius  of  an  isosceles  lens,  which  is  equivalent 

to  the  lens  whose  radn  are  a  and  b:  for  suppose  the  lens 

to  be  isosceles,  that  is,  a  =  6 ;  then  n  =  —  —  — .     Now, 

the  second  a  is  negative  if  the  first  be  positive,  or  positive 

1  I        a+b 

if  the  first  be  negative.    Therefore  —  — .  -r-  =  -^  = 

n 
and  they  are  equivalent 

But,  to, proceed  with  our  investigation,  recollect  that  we 

had#  =  ~^j^^A:^ r^)'2'  Therefore  m /  = -^jj- 

I J-5-.     And  ^  was  =  — — -  I  —  wi^  ??  + 

— ^~  1  -3- .     Therefore  i?i  ^  +  ^,  the  aberration  (neglecting 


2"  =  — ,  and  —  =  — ,  and  n  =  3-.     Now  the  focal  dis- 
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the  thickness  of  the  lens)  i»/« —jjp- r^ 

If  we  now  write  for  kf  Ij  and  p  tiieir  vsloe  m  ddomm- 
ed  above,  perfiMrmmg  all  the  necessary  moltipGeBtioDB,  ad 
arrange  the  terms  in  such  a  manner  as  to  ooDect  in  one 
sum  the  oo-effidents  of  a,  n,  and  r,  we  shall  find  4  tan 
for  the  value  of  m  ^^  and  10  for  the  value  of  ^.  TIk  4 
are  destroyed  by  as  many  with  contraiy  agns  in  the  vahie 
of  ^,  and  there  remain  6  terms  to  express  the  value  dmi 
4-  /,  which  we  shall  express  by  one  sjrmbol  j ;  and  die 
equation  stands  thus : 

^^-i^rv^ — ^^^?-  +  -?ir  +  ""i^rf"" 

4jwi  +  *  ,  8m  +  2\  j^ 
am    "*"     f^n   /    2* 

The  focal  distance,  therefore,  of  rays  twioe  refracted, 
reckoned  from  the  last  surface,  or  B  I,  corrected  for  aber- 

ration,  and  for  the  thickness  of  the  lens,  isy— /—j-  — 

f^  9,  consisting  of  three  parts,  viz.^  the  focal  distance  of 

central  rays;  f'-^^  the  correction  for  the  thickness  of 

the  lens ;  and/*  q  the  aberration. 

The  above  formula  appears  very  complex,  but  is 
of  very  easy  management,  requiring  only  the  prepara- 
tion of  the  simple  numbers  which  form  the  numerators 
of  the  fractions  included  in  the  parenthesis.  When 
the  inddent  rays  are  parallel,  the  terms  vanish  which  have 
r  in  the  denominator,  so  that  only  the  three  first  terms  are 
used. 

We  might  here  point  out  the  cases  which  reduce  the 

aberration  expressed  in  the  formula  last  referred  to,  to  no- 

. thing;  but  as  they  can  scarcely  occur  in  the  object-glass 

5 
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of  a  teleaoop^  we  ondt  it  for  the  present,  and  proceed  to 
the  combiiiation  of  two  or  more  lenaes. 

Lemma  3.  If  A  G  be  changed  by  a  small  quantity  G^, 
Bl8iifferBachangeIf,andG^:If  =  AG':BP.  For 
it  is  wdl  known  that  the  small  angles  GM^  and  INtare 
equal ;  and  therefore  their  subtenses  G  it,  I  n,  are  propor- 
tional toMG,  NI,  orto  AG,  AI,  nearly  when  the  aper- 
ture is  moderate.     Therefore  we  have  (nearly) 

GJk:In:AG:BI 
In:If  =  AM:BI 
G;  :  GJc  =  AG  :  AM 
Therefore  Gg-:  It  =  AG* .  BP 

Prop.  III.  To  determine  the  focal  distance  of  rays  re- 
fracted by  two  lenses  placed  near  to  each  other  on  a  com- 
mon axis. 

Let  AM,  BN  (Fig.  11.)  be  the  surfaces  of  the  first  lense, 
and  C  O,  D  P  be  the  surfiu^es  of  the  second,  and  let  ^  be 
the  thickness  of  the  second  lens,  and  )  the  interval  between 
them.  Let  the  radius  of  the  anterior  surface  of  the  second 
lens  be  a',  and  the  radius  of  its  posterior  surface  be  V^ 
Let  m'  be  to  1  as  the  sine  of  incidence  to  the  dne  of  re- 
fraction in  the  substance,  of  the  second  lens.  Lastly,  let  jf 
be  the  principal  focal  ^stance  of  the  second  lens.  Let  the 
extreme  or  marginal  ray  meet  the  axis  in  L  after  passing 
through  both  lenses,  so  that  DL  is  the  ultimate  focal  dis- 
tance, reckoned  from  the  last  surface. 

It  is  plain  that  DL  may  be  determined  by  means  of  a/, 
V^  m'i  p\  and  CI,  in  the  same  manner  that  BI  was  deter- 
mined by  means  of  a,  b,  m,  p^  and  AG. 

The  value  of B I  is/— w ••^  — fq.  '  Take  from  this 
the  interval  ^,  and  we  have  C  I  =/— wi«  ^  —  J— .^y. 

Let  the  small  part  —  ♦^  •*^  —  ^  *"/*  9  ^  neglected  for 
the  present,  and  let  C I  be  supposed  =/.     As  we  formed 


444  TsuBficopx. 

f^fj  «nd  9,  by  means  of  ii»  &»  in,  •»  iMid  r,  \A  at  «bv  in 
^'/%  and  ^y  for  the  aeoo^  kas,  bj  iiieanfttff«<^  A'yM^y^t 

r=i^— i;YandK    f"  wiU  be  the  focal  dbtuice  ofa 

fldend^^  pencil  refracted  by  the  first  Butfinx^/Mlietk 
fecal  distance  of  this  pencil  after  two  kvfimetiani,  nif' 
will  be  the  co-efficient  of  the  aberralioA,  dcgjkdiBgtie 
thickness  and  interval  of  the  lenm. 

Proceeding  in  this  way,  D  L  will  be  =/'  —  m  ^  y — 

Z'*  q.    But  because  CI  is  really  less  than/,  by  the  quaatiqr 

m«'^  +  ^+/*</,  we  must  (by  Lemma  ^)  subtract  the 

product  of  thiif  quantity,  multiplied  by    ^^,    (which  is 

nearly  ^J,  from/'  —  m^--^  — /*  }'. 
By  thb  process,  we  shall  have 

The  first  term/'  of  this  value  of  D  I  is  the  focal  dis- 
tance of  a  slender  pencil  of  central  rays  refracted  by  both 
lenses,  neglecting  their  thickness  and  distance ;  the  second 

term,  — •/'*  (-^+  75  +  "575- J  *"*  ^^  correction  necessary 

for  these  circumstances ;  and  the  third  term,  — /"  (3+Sf)> 
is  the  correction  for  the  aperture  %  e.  And  it  is  evident 
that  ^  is  a  formula  precisely  i^milar  to  q^  containing  the 
same  number  of  terms,  and  difiering  only  by  the  m',  a',  n', 
and  r',  employed  in  place  of  m^  a,  n,  and  r. 

It  is  also  evident,  that  if  there  be  a  third  lens,  we  shall 
obtain  its  focal  distance  by  a  process  predsely  omilar  to 
that  by  which  we  obtidned  D  L ;  and  so  on  for  any  num- 
ber of  lenses. 

Thus  have  we  obtained  formulse  by  which  the  foci  of 
rays  are  determined  in  the  most  general  terms ;  and  in  such 


mjmmm^maiU&.  pl^  out  the  ooQuexioii  oC.  Ihfi  cmw- 
tipe8»  tfiMMtoMi^  «d  £8tance»  of  the  len9e%  idth  thek 
spb^rical  nberratioiis^  mi  mth  the  fimU  aberration  of  the 
oompouiid  lens*  mutgive  the  aberratioi)$  in  separate  quor 
b9it|^.«o  tb^,  we  een  tit^t  them  by  theinselve8»  aod  sul^M 
them.to  any  ^CQQditioQs  whkJi  nmy  enable  U8  to  correct  ope 
of  then)  by  another.  « 

WieaUo  SQ^  in  generalythatthe  correction  for  the  thvJc» 
nesaand  distance  of  the  lenses  arei  e?Jiihited  in  tenn3  whipK. 
inyplve  oi^y  the  focal  distances  of  central  rays»  and  ha/ve 
very  little  influence  on  the  aberrations,  and  still  less  on  the 
ratio  of  the  aberrations  of  the  different  len^ea.  This  is  a 
most  convenient  circumstance ;  fiir  we  may  neglect  them 
while  we  are  determining  q  and  ^,  and  in  determining  the 
ra^o  of  the  focal  .distances  of  the  several  lenses,  on  whi(^ 
the  cGflCTBCtion  ^of  ,  the  cbroxQAtic  aberratbn  chiefly  depends. 
Therefore,  iathecoostruclympf  a  compound  lens  for. umt^ 
ing  the  di^Ssrent  colours,  we  may  neglect  this,  correction 
for  the  tlwkpess  and  distance  till  the  end  of  the  prooess. 
When  we  apply  it,  we  shall  find  that  it  chiefly  affects  {the 
final  focal  distance,  making  it  somewhat  Icmger,  but  has 
hardly  any  influence  either  on  the  chromatic  or  spherical 
aberration.  We  do.  not  he»tate  tpjsay,  that  the.  final  for* 
mulse  heire  given  are  abundantly  accurate,  while' they ioe 
vastly  more  manageable  than  those  employed  by  Euler^or 
D^Alembert  We  have  calculated,  trigcmometrically  the 
pxigress  of  the  rays  through  one  of  the  glasses,  which  will  ^ 
be^gvrenas  an  exan^,  giving  it  a  veij  extcavagant  aper- 
ture, that  the  errors  of  the^formulie  might  be  very  remark- 
aUe.  We  found  the  real  aben^ation  exceed,  the  aberration 
asqgnfd.  by  the  formula  ^y .  no  more  than  /y  pail:,  A  differ- 
ence which  is  quit^  in^gnificant.  The  process  here  given 
derives  its  simplicity  from  the  frequent  occurr^ce  of  hkc- 
monic  proportions  in  all  optical  theorems.  This  enabled 
Mr  Clairaut  to  employ  the  redpropals  of  the  radii  and  dis- 
tances with  so  much  simplicity  and  generality. 


k 


449  TBUMMIR* 

We  ooofider  it  as  another  advnitage  of  Ifir  CUnA 
method,  that  it  gives,  by  the  waj,  SoasaSm  ftr  fbemoR 
or£iiary  questiGiis  in  opdcB,  which  are  of  weilwful  nu 
plidty,  and  moat  easQy  Temembeied.  The  cUif  pnhkmi 
in  the  elementary  comtruction  of  cytical  inatriUMrta  tdatp 
to  the  fboal  diatances  of  central  n^  Tbi»  ^detemmei 
the  fixal  distances  and  arrangement  of  the  glasses.  Al 
the  rest  may  be  called  the  refinement  of  cqptioa ;  teaebmg 
us  how  to  avoid  or  correct  the  indistinctness^  the  ooloan^ 
and  the  distortions,  which  are  pioduced  in  the  images  fan- 
ed  by  these  simfde  constructions.  We  shall  mentian  a  fcv 
of  these  formuhe  whidi  occur  in  our  process^  and  tend 
greatly  to  abbreviate  it  when  managed  by  an  expaieDced 
analyt 

Let  m  be  to  1  as  the  sine  of  incidence  to  the  sine  of  le* 
fraction;  let  a  and  5  be  the  radii  of  the  anterior  and  postis 
rior  surfaces  of  a  lens ;  let  r  be  the  distance  of  the  radiaiit 
pmnt,  or  the  focus  of  incident  central  nyn,  andy^the  dis- 
tance of  the  conjugate  focus ;  and  let  p  be  thepiincipsl  fo- 
cal distance  ofthelens,or  the  focal  distance  of  paraUdn^ 

Make   ^  equal  to  '^  — r>  let  the  same  letters,  ^tVff'f 

&C.  express  the  same  things  for  a  second  lens ;  and  tf ,  (*9 

r",  &c.  express  them  for  a  third ;  and  so  on.    Then  we 

have 

l_m— 1   ,  1     1      m'— 1      1     1        fir— 1      I. 

Therefiare  when  the  incident  light  is  paralld,  and  r  infi- 

mte,  we  nave  -  = ;  -=  — ;— ;  —  =  — =— ,&c 

p         n       f        n'        fT  n" 

And  when  several  lenses  are  contiguous,  so  that  their  in- 
tervals may  be  neglected,  and  therefore  ^^    beloD|png  to 

the  first  lois,  becomes  -,  belonging  to  the  second,  we 
have 
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i.p-^— -;^+;>--+-. 

1       1      i,i'_i     w^-i     1111 

1  _fii"_l     m— 1      m— 1      1  _  1       1.1 


r 


Nothing  can  be  more  easily  remembered  than  these  for- 
mulae,  how  numerous  soever  the  glasses  may  be. 

Having  thus  obtiuned  the  necessary  analysis  and  formula, 
it  now  remains  to  apply  them  to  the  construction  of  achro- 
matic lenses ;  in  which  it  fortunately  happens,  that  the  em- 
ployment of  several  surfaces,  in  order  to  produce  the  union 
of  the  differently  refrangible  rays,  enables  us  at  the  same 
time  to  employ  them  for  correcting  each  other^s  s|dierical 
aberration. 

A  white  or  compounded  ray  is  separated  by  refraction 
into  its  component  coloured  rays,  and  they  are  diffused  over 
a  small  angular  space.  Thus  it  appears,  that  the  glass 
used  by  Sir  Isaac  Newton  in  his  experiments  diffused  a 
white  ray,  which  was  inddent  on  its  posterior  surface  in  an 
angle  of  30"",  in  such  a  manner  that  the  extreme  red  ray 
emerged  into  air,  making  an  angle  of  50^  2iy  with  the 
perpendicular ;  the  extreme  violet  ray  emerged  in  an  angle 
of  61^  15f ' ;  and  the  ray  which  was  in  the  confines  of  green 
and  blue,  emerged  in  an  angle  of  50^  48y'  If  the  sine  of 
the  angle  SOo  of  incidence  be  called  0,5,  which  it  really  is, 
the  sine  of  the  emergence  of  the  red  ray  will  be  0,T7 ;  that 
of  the  violet  ray  will  be  0,78 ;  and  that  of  the  intermediate 
ray  will  be  0,77^,  an  exact  mean  between  the  two  extremes. 
This  ray  may  therefore  be  called  the  mean  refrangible  ray, 
and  the  ratio  of  77^  to  50,  or  of  1,65  to  1,  will  very  pro> 
perly  express  the  mean  refracdon  of  this  glass ;  and  we 
have  for  this  glass  m  =  1,55.  The  sine  of  refraction, 
being  measured  on  a  scale,  of  which  the  rinc  of  incidence 
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occupies  100  parts,  will  be  154  for  the  red  ray,  1.^  for  the 
mean  ray,  and  156  for  the  vblet  ray.  This  number,  or  its 
ratio  to  unity,  is  commonly  taken  to  represent  the  refrac- 
tive power  of  the  glass.  There  is  aome  impropriety  in  this, 
unless  we  consider  ratios  as  measured  by  their  logarithms ; 
for  if  fii  be  1,  the  substance  does  not  refiract  at  alL  The 
refractive  power  can  be  properly  measured  only  by  the  re- 
fraction which  it  produces ;  that  is,  by  the  change  which 
lit  makes  in  the  direction  of  the  light,  or  the  an^  contained 
between  the  incident  and  refracted  rays.  If  two  substances 
produce  such  deviations  always  in  one  proportion,  we  should 
then  say  that  their  refractive  powers  are  in  that  proportion. 
This  is  not  true  in  any  substances ;  but  the  ones  of  the 
angles,  contained  between  the  refracted  ray  and  the  perpen- 
dicular, are  always  in  one  proportion  when  the  angle  of  in- 
ddence  in  bc^ii  substances  is  the  same.  This  being  a  cog- 
lusable  function  of  the  real  refraction,  has  therefore  been 
assumed  as  the  only  convenient  meiEtfuie  of  the  refractive 
powers.  Although  it  b  not  strictly  just,  it  answers  ex- 
tremely well  in  the  most  usual  cases  in  optical  instruments : 
the  refractions  are  moderate ;  and  the  sines  are  very  nearly 
as  the  angles  contained  between  the  rays  and  the  perpendi- 
cular ;  and  the  real  angles  of  refraction,  or  deflections  of  the 
rays,  are  almost  exactly  proportional  to  w— 1.  The  most 
natural  and  obvious  measure  of  the  refractive  powers  would 
therefore  be  m — 1.  But  this  would  embarrass  some  very 
frec[uent  calculations ;  and  we  therefore  find  it  best,  on  the 
whole,  to  take  m  itself  for  the  measure  of  the  refractive 
power. 

The  separation  of  the  red,  violet,  and  intervening  rays, 
has  been  called  dispersion ;  and  although  this  arises  merely 
from  a  difTerence  of  the  refractive  power  in  respect  of  the 
different  rays,  it  is  convenient  to  distinguish  this  particu- 
lar modification  of  the  refractive  jx)wer  by  a  name,  and 
we  call  it  the  Dispersive  Power  of  the  refracting  sur- 
stancc. 
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It  is  BUfoeptiUe  cf  degrees;  for  a  piece  of  flint  glass 
will  refract  the  Ugfat,  so  that  when  the  sine  of  refraction  of 
the  red  ray  is  77^  the  sine  of  the  refraction  of  the  violet  ray 
is  nearly  78^ ;  or  if  the  one  of  refraction  €£  the  red  ray, 
measured  en  a  particular  scalCf  is  1^4),  the  sine  of  refrac- 
tion of  the  nolet  ray  is  1,67.  The  dispersioa  of  this  sub- 
stance^  beiiig  measured  by  the  di&rence  of  the  extreme 
mnes  of  refrsctiany  is  greater  than  the  dispersioa  o[  the 
other  glassy  in  the  proportion  of  3  to  2. 

But  this  alone  is  not  a  sufficioit  measure  of  the  absolute 
dispersive  power  of  a  substance.    Although  the  ratio  of 
1,54  to  1  y66  remains  constant,  whatever  the  real  magnitude 
of  the  refractions  of  common  glass  may  be»  and  though  we 
therefore  say  that  its  dispersive  power  is  constant,  we  know, 
that  by  increasing  the  incidence  and  the  refractioD,  the  ab- 
solute dispersion  is  also  increased.  Another  substance  shows 
the  same  properties,  atid  in  a  particular  case  may  produce 
the  same  dispendon ;  yet  it  has  not  for  this  sole  reason  the 
same  dispersive  power.     If  indeed  the  incidence  «nd  the 
refraction  of  the  mean  ray  be  also  the  same,  the  dispersive 
power  cannot  be  said  to  differ ;  but  if*  the  incidence  and 
the  refraction  of  the  mean  ray  be  less,  the  dispersive  power 
must  be  considered  as  greater,  though  the  actual  dispersion 
be  the  same ;  because  if  we  increase  the  inddence  till  it  be- 
comes equal  to  that  in  the  common  glass,  the  dispersion 
will  now  be  increased.     The  proper  way  of  concaving  the 
dispersion  therefore  is,  to  consider  it  as  a  portion  of  the 
whole  refraction ;  and  if  we  find  a  substance  making  the 
same  dispersion  with  half  the  general  refraction,  we  must 
say  that  the  dispersive  quality  is  double ;  because  by  mak- 
ing the  refraction  equal,   the  dispersion  will  really  be 
double. 

If  therefore  we  take  i7»  as  a  symbol  of  the  separation  of 

the  extreme  rays  from  the  middle  ray,  1-  is  the  natu- 
ral measure  of  the  dispersive  power.   We  shall  express  this 
Vol,  III.                            2  F 
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in  the  Leibnitzian  noUtioDy  thus  — ^,  that  we  ma; 

tlie  indistiiictness  which  the  Newtonian  notation  wodU  oc- 
casion when  m  is  changed  for  m'  or  m". 

It  is  not  unosual  for  optical  writers  to  take  the  whok  re- 
paration of  the  red  and  violet  rays  for  the  measure  of  the 
dispersive  power,  and  to  compare  tins  with  the  refracdog 
power  with  respect  to  one  of  the  extreme  rays.  But  it  is 
surely  better  to  consider  the  mean  refraction  as  the  mcamie 
of  the  refracting  power ;  and  the  deviation  of  either  of  the 
extremes  from  this  mean  is  a  proper  enough  measure  of  the 
disperooD,  being  always  half  of  it.  It  is  attended  with  thk 
convenience,  that  hemg  introduced  into  our  computaUons 
as  a  quantity  infinitely  smaU,  and  treated  as  such  for  the 
ease  of  computation,  while  it  is  really  a  quantity  of  sensible 
magmtude ;  the  errors  arising  from  this  supposition  aze  di- 
minished greatly,  by  taking  one  half  of  the  deviation  and 
comparing  it  with  the  mean  refraction.  This  method  has, 
however,  this  inconvenience,  that  it  does  not  exhiUt  at  once 
the  refractive  power  in  all  substances  respecting  any  parti- 
cular  colour  of  light,  for  it  is  not  the  ray  of  any  parti- 
cular colour  that  sufiers  the  mean  refraction.  In  commcm 
glass  it  is  the  ray  which  is  in  the  confines  of  the  yellow  and 
blue ;  in  flint-glass  it  is  nearly  the  middle  blue  ray ;  and  in 
other  substances  it  is  a  different  ray.  These  circumstances 
appear  plainly  in  the  different  proportions  of  the  colours  of 
the  prismatic  spectrum  exhibited  by  different  substances. 
This  will  be  considered  afterwards,  being  a  great  bar  to  the 
perfection  of  achromatic  instruments. 

The  way  in  which  an  achromatic  lens  is  constructed,  is 
to  make  use  of  a  contrary  refraction  of  a  second  lens  to  de- 
stroy the  dispersion  or  spherical  aberration  of  the  first 

The  first  purpose  will  be  answered  if  —  be  equal  to 

— •     For,  in  order  that  the  different  coloured  rays 

n 

— iy  be  collected  into  one  ^Kiuvtb^  vvioViXi^«»A^''^  oBN^jtia^ 
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ceasurjf  that  ^  the  redprocal  of  the  focal  distance  of  rays 
refracted  by  both,  may  be  the  same  for  the  extreme  and 

mean  rays,   that  is,  that   —^ 1 Z , — . 

fi  If 

+  -;  be  of  the  same  value  with — ^^^^+  — ^^  -I — ;which 
r  n  n'         r 

^  ,  .^dw  .  dm'  y  ^        dm  dm' 

must  happen  if  —  +  — r  be  =  (I,  or  —  =  — . 

'^^  n         n  n  n 

This  may  be  seen  in  another  way,  more  comprehensible  by 
such  as  are  not  versant  in  these  discussionsy  In  orderthat 
the  extreme  colours  which  are  separated  by  the  first  lens 
may  be  rendered  parallel  by  the  second,  we  have  shown 
already  that  n  and  n'  are  proportional  to  the  radii  of  the 
equivalent  isosceles  lenses,  being  the  halves  of  these  radii. 
They  are  therefore  (in  these  small  refractions)  inversely 
proportional  to  the  angles  formed  by  the  surfaces  at  the 
edges  of  the  lenses,  n  may  therefore  be  taken  for  the 
angle  of  the  first  lens,  and  n  for  that  of  the  second.  Now 
the  small  refraction  by  a  prism,  whose  angle  (also  small) 

is  n',  is  m — 1  X  n'.  The  disper^ve  power  being  now  sub- 
stituted for  the  refractive  power,  we  have  for  this  re&action 
of  the  prism  dmxn*.  This  must  be  destroyed  by  the  op. 
posite  refiracticm  of  the  other  prism  dmf  X  ^    Therefore 

dm  X  n'  z=z  dm'x  », or  —  =  -—  — .     In  like  manner, 

this  eflect  wiU  be  produced  by  three  lenses  if —  + 

+  ^be  =  0,&c. 


n" 


Lastly,  the  errors  arising  from  the  spherical  figure  which 
we  expressed  by  —  R*  (q  +  q)  will  be  corrected  if  g  +  j  be 
=  0.  We  are  therefore  to  discover  the  adjustments  of  the 
quantities  employed  in  the  preceding  formulae,  which  will 
insure  these  conditions.     It  will  render  the  process  more 

5 


ise 

perspcuous  if  we  collect  into  one  view  the  lagnificatinns  of 
our  various  symbols,  and  the  principal  equatioDs  which  we 
are  to  employ. 

1.  The  ratios  to  unity  of  the  mnes  of  mean 
inddeoce  in  the  different  media  are  m^wfym" 

2.  The  ratio  (rf*  the  difierraces  of  the  sines  of 

the«treme8  -  -  -  1=,  = «. 


a  The  ratio  -— -i  -  .  -        =c 

w'— 1 

4.  The  radn  of  the  sut-froes  a^b;  d^  h\  d'^  b", 

5.  The  prindpal  focal  Astanoei^  or  the  fecial 
jBstances  of  parallel  central  rays,  V^P^f*' 

6.  The  focal  distance  of  the  compound  lens  P. 

7.  The  cBstance  of  the  radiant  pcnnt,  or  of 

the  focus  of  incident  rays  on  each  lens  r,  f',  t". 

8.  The  focal  distanoe  <^  the  rajrs  refiradted 
byeochlens  ...        f^f-^f- 

9.  The  focal  distance  of  rays  refracted  by 

the  ccxnpound  lens  -  -        -  F. 

10.  The  half  breadth  of  the  lens  f  . 
Also  the  following  subsidiary  values : 

H — r5 I  S--     And  &  and  q'»  must  be  formed 

in  the  same  manner  from  m\  a',  n',  r' ;  and  from  m^^  fl", 
n",  r',  as  9  is  formed  from  wi,  a,  n,  r. 

S.  Also,  because  in  the  case  of  an  object-glass,  r  is  infi- 
nitely great,  the  last  term  -  in  all  the  values  of  j;,   j^,    ^ 

11. 

-Ty  -ify  will  vamsh,  and  we  shall  also  have  F  =  P. 

T^       T 
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Therefore,  in  a  double  object-glafis,  ^  =  — ^r—-  H > 

=3  «-f-  —7, 

And  in  a  triple  object-glass  p.  =5      T"    + + 

fH— 1  1.1.1 


Also,  in  a  double  object-glass,  tbe  correction  of  spheri- 
cal  aberration  requires  j  +  jjf'  =^  v. 

And  a  triple  obgect-glass  requires  q-k-^-^^ssV.  For 
the  whole  error  is  multiplied  by  F*,  and  by  ^^;  and 
therefore  the  equation  which  corrects  this  error  may  be  cB- 
videdbyF«i«». 

This  equation,  in  the  noBoeding  page^  •  7th  fine  fiom 
the  bottom,  giving  the  valiie  of  q,  ^,  ^,  may  be  mudi 
simplified  as  follows :  In  the  first  place,  thay  may  be  di- 
vided by  171,  fn',  or  in'',  by  applying  them  pn^ierly  to  the 
terms  within  the  parenthesis,  and  expunging  them  firom 

the  denominator  of  the  general  factors ,  — ^^,  — ^^. 

171        fn         fa 

This  does  not  alter  the  values  of  q,  ^y  and  ^.     In  the  se- 
cond place,  the  whole  equadcos  may  be  afterwards  divided 

by  m' — ^1.    Thb  wiU  rive  the  values  of  '    ^   ^1    — ^-r* 

and     ,^^  ,  which  will  still  be  equal  to  nothing  if  }  -f  9^ 
+  q'  be  equal  to  nothing. 
This  division  reduces  the  general  factor  — ;—  of  j^  to 

—7.    And  in  the  equation  for  q  we  obtain,  in  place  of  the 

general  factcnr ,  the  factor  — ; — r,  or  c.    This  will  al« 

fn  w— 1 

so  be  the  factor  of  the  value  of  gf'  when  the  third  lens  ia  of 

the  same  substance  with  the  first,  as  is  goierally  the  caae. 


Andy  in  the  third  {dace,  nnoe  the  s^  incidqit  qa  the  flnt 
leni^M  parallel,  all  the  terms  Tamdi  fiom  tb^  vabe  of  ;» 

m  which  --  is  finmd,  and  there  renudn  ootj  the  dmefirrif 

Porfimniiig  these  operationsi  we  have 
q  /III*       2«jM       ifi  +  2N^ 

••r— 1  ""^^,";? — S^?""*'S7Jr>)2 

j^    _  /^«»*       Sw+l      m  +  2    ,  Sni+l  .  4(aHl)   . 

Let  us  now  apply  this  investigation  to  the  ocHistrudJioQ 
of  an  object-glass ;  and  we  shall  begin  with  a  double  lens. 

ConHruction  qfa  Double  Achromatic  (Hifeci-Gkusi 

Here  we  have  to  determine  four  radii  a^bfOf^  and  h\ 
Make  n  =  1 .  This  greatly  simplifies  the  calculus,  by  ex- 
terminating it  firom  iidl  the  denominators.    This  pves  £or 

.•             .     dm  ^    dm        ^1  ,  dfnf 

the  equation i j--  =  0,  the  equation  dm.  +  — 

=  0,  or  a«  =—-—-,  and.--,  =  —  -j— ,,  =sr  —  u.    AU 

n'  »*'  dm^ 


so  we  have  r*^  the  focal  distance  of  the  light  incident  on 
the  second  lens,  the  same  with  the  principal  focal  distance 
p  of  the  first  lens  (neglecting  the  interval,  if  any).     Now 

^  =  ■  ,  which,  in  the  present  case,  is  s  m— 1..  Also 
^  i8=  —  u  (m'— 1),  and  p- =  m  —  l..u(W— 1) 
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Make  these  tubstitadoiis  in  the  values  of  — —^  and 
^^9  and  we  obMdn  the  following  equation: 


HI' — 1 


cm ^ +  -jj^^ f^m  S 

—^  +  ii«  (3  m'  +1)  (m- 1)  +  — ^— ^^^ ^- 

^(Sfii'  +  gXm  — ly 

Anange  these  tenns  in  order^  according  as  they  are  iac- 
Unv.of -^,  ^  -^j  ^j  or  independent  quantities.  It  puts 
on  this  fona : 

+1)  (m— 1)— tt'wi^ ^ 3—4-^^ ^  =  0. 

Let  A  be  the  coefficient  of  -^,  B  that  of  -,   C  that  of 

1  1 

— I,  D  that  of  ^,j  and  E  the  sum  of  the  independent  quan- 
tity ;  that  is,  let  A  be  =?i?^i-i,  B  =  c  (2  m  +  1),  C 
^uK-.2)  >^  4M(«'fl)(m~l)^ 

fit  ^  "^  7» 

and  E  =  cm»  +  tt*  (3i»'-»-l)  (m  ^l)  —u^  m'^ -^ 
tt(8iii'-f2)(m— 1)^ 
m' 
Our  final  equation  becomes 


a        -'* 


The  coefficients  of  this  equation,  and  the  independent . 
quantity,  are  all  known,  from  our  knowledge  of  m,  m\  dm^ , 


456  TELBaCOBK. 

d  nv ;  and  we  are  to  find  the  values  of  a  and  w,  and  from 
them  and  n  =  1  to  find  the  values  of  &  and  V. 

But  it  is  evidently  an  indeterminate  equation)  because 
there  are  two  unknown  quantities ;  so  that  there  mtjr  be 
an  infinity  of  solutions.  It  must  be  rendeied  d^enmnate 
by  means  of  some  other  oonditiooB  to  which  it  may  be  sub- 
jected. These  conditions  must  depend  on  some  other  cir- 
cumstances which  may  direct  our  choice. 

One  circumstance  occurs  to  us  which  we  think  of  verjf 
great  consequence.  In  the  passage  of  light  from  one  sub- 
stance to  another,  there  is  always  a  considerable  portixm  re- 
flected from  the  posterior  surface  of  the  fir^  and  from  the 
anterior  suriace  of  the  last ;  and  this  reflection  is  more  co- 
pious in  proportion  to  the  refraction.  This  loss  of  light 
will  therefore  be  diminished  by  making  the  internal  sur- 
faces of  the  lenses  to  coincide  ;  that  is,  by  making  &  ==  a'. 
This  will  be  attended  with  another  advantage.  If  we  put 
between  the  glasses  a  substance  of  nearly  the  same  refiract- 
ing  power,  we  shall  not  only  completely  prevent  tlus  loss 
of  light,  but  we  shall  greatly  diminish  the  errors  which 
arise  fi:om*an  imperfect  polish  of  the  surfaces.  We  have 
tried  this,  and  find  the  efiect  very  surprising.  The  lens 
being  polished  immediately  afler  the  figiure  has  been  given 
it,  and  while  it  was  almost  impervious  to  light  by  reason 
of  its  roughness,  which  was  still  sensible  to  the  naked  eye, 
performed  as  well  as  when  finished  in  the  finest  manner. 

N.  B.  This  condition,  by  taking  away  one  refraction, 
obliges  us  to  increase  those  which  remain,  and  therefore  in- 
creases the  spherical  aberrations.  And  since  our  finmuk 
does  not  fully  remove  those  (by  reason  of  the  small  quanti- 
ties neglected  in  the  process),  it  is  uncertain  whether  this 
condition  be  the  most  eligible.  We  have,  howevar,  no 
direct  argument  to  the  contrary. 

Let  us  see  what  determination  this  gives  us. 

In  this  case  -=-;  =  -—  1.     For  because  -  =  -  — 
aba  n      a 


f  aiMlfii^i^weliittl^Lz::!,  audi  9  i— 1.  TlMe^ 
o  '      '        b       a  0      a 

112 
ibre  j^"  =  ;3  ^~  '^  +  l-    Therefor^  in  our  final  equation, 

1       51  1  1  .  1 

put  T—r  -  +  1  in  place  of-—  and  -  -r- 1  in  place  pf  — 

and  It  becomes    .    ,  ■  —  -—1:: +E  +  D  —  C  =  Ol 

a'  «  • 

Thus  have  we  arrived  at  a  common  affected  quadratic 

1  . 
equation^  where  ^  is  the  unknown  qqantity.     It  has  the 

common  form />a?*  +  5a7  +  r  =  0,  where/; is  =  A  —  C,  9 
is  equal  to  S  C— B^D,  r  is  equal  to  E  <f  D— C,  ttd^is 

equal  to  -. 

.        -a      -    ' 

•  pivi4e  the  eqii^tfon  by  p,  and  we  have  ^  +  ^  ^  ^  T 

p         jp 

«'-'#V  4*''*  ' 

s  0.  Make  «  =  "  and  <  =  >3  and  we  have  a^  +  t  a  +  t 

P  F 

9 

=  0.    This  gives  us  finally  -,  or  j?  =  —  ^  *  dfc  ^  J«t-^* 

TIus  value  of  ^  is  taken  from  a  scale  of  which  the  unit 

a.  , 

is  half  the  radius  of  the  isosoelea  lena,  ^hioh  is  equLvaleat  to 

the  fisst  lens,  or  haa  the  oame  iboal  distance  with  it.    We 

must  then  find  (on  the  same  scale)  theValue  of  &,  Hx.  i  —  ^^ 

whkh  ia  alao  ihe  value  of  iif'.   Having  obtained  o*  ,  we  must 

find  V  by  means  of  the  equation  ^  =  —  —V  and  there- 
in    a'      » 

a 


object>gla88  conatnicted 
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mifiA  its  focal  distance,  or  its  redprocal  :L.  Tliiiis=:»-l 

—  u  (m— 1.) 

All  these  radU  and  ^stances  are  measured  od  asole of 
which  n  is  the  unit  But  it  is  more  convenient  to  mnniie 
every  thing  by  the  focal  distance  of  the  compoand  clqect- 
glass.  Thb  gives  us  the  proportion  which  all  the  distanees 
bear  to  it     Therefore  calling  P  umty,  in  order  to  obtain 

h  on  this  scale,  we  have  only  to  state  the  analogy  m  —  1 — « 

(hi'— 1)  :  1  =  ^  :  -7-,  and  A  is  the  radius  of  our  first  sor- 
^  ^  a    A 

face  measujned  on  a  scale  of  which  P  is  the  unit 

If,  in  the  formula  wluch  expresses  the  final  equatioQ  fx 

^  the  value  of  t  should  be  podtive,  and  greater  than  ^fj 
a 

the  equation  has  imaginary  roots ;  and  it  isnoCposnUewith 

the  glasses  employed,  and  the  conditions  assumed,  to  oxrect 

both  the  chromatic  and  spherical  aberrations. 

If  ^  is  negative  and  equal  to  ^  ^,  the  radical  part  of  the 

value  is  =  0,  and  -.  =  —  ^s.    But  if  it  be  negadre  or 

a 

podtive,  but  less  than  ^  ^,  the  equation  has  two  real  lOots, 
which  will  §^ve  two  constructions.  That  is  to  be  pcefcnred 
which  gives  the  smallest  curvature  of  the  surfaces ;  becaiiK, 
since  in  our  formulae  which  determine  the  q»herical  abena- 
tion  some  quantities  are  neglected,  these  quantities  are  al- 
ways greater  when  a  large  arch  (that  is,  an  arch-  of  many 
degrees)  is  employed.  No  radius  should  be  admitted  whkh 
is  much  less  than  ^  of  the  focal  distance. 

All  this  process  will  be  made  pliun  and  easy  by  an  ex- 
ample. 

Very  careful  experiments  have  shown,  that  in  oommon 
crown-glass  the  sine  of  incidence  is  to  the  one  of  refifaetioo 
«  1,526  is  to  1,  and  that  in  the  generality  of  flint-glass  it 
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is  as  1,604  to  1.    Abo  that  j^  =  0,6054  =  «.    There- 


fore i» —  1  =  0,526;  w — 1  =  0,604;  c=-^, jy  = 

0,97086.  By  these  numbers  we  can  compute  the  coeffi- 
cients of  our  final  equation.  We  shall  find  them  as  fol- 
lows :— - 

A  =  2,012 

B  =3,529 

C  =  1,360 

D  =  — 0,526 

£  =  1,8659 

The  general  equation  (p.  455. 1.  19.),  when  subjected  to 

A— C 

the  assumed  ccmicidence  of  the  internal  surfaces,  is  — ^ — 

—  5±^=-*^  +  E+D— C«a  A  — Cis=0,662; 
B  +  D  — 2Cis=0,28S;andE+D  — Cis=  — 0,020; 

and  the  equation  with  numerical  coeffidents  is  — '^ —  -^ 

0288 

— —  0,020  =  0,  which  corresponds  to  the  equation 

pa^  +  qx  +  r  =  0.    We  must  now  make  •  ==  -^ = 

^,=0.484,  and*  =  ^,  =  ^,=0,0807.  Thi. 

1       0484 
giyes  us  the  final  quadratic  equation  -)  —  —^ ...  0,0807 

=  0.  To  solve  this,  we  have  —  i  ^  =  0,217,  and  \  **  — 
0,0471.     From  this  take  t,  which  is  =  —  0,0807  (that  is, 

to  0,0471  add  0,0307),  and  we  obtun  0,0778,  the  square 

1 
root  of  which  is  =  0,2789.     Therefore,  finally,  — =: 

Of 


0,9170  =fc=  0,2789,  which  is  ather  0,4959  or  —  0,0619. 
It  is  plain  that  the  first  must  be  preferred,  because  the  se- 
cond gives  a  negative  radius,  or  makes  the  first  surface  of 


the  qxyim-glass  omcave.  MkMr,  ai  lim  wOOKpfjgepMf^tf  Ae 
layt  18  to  be  produced  by  the  crown-glMi^  llie  aAierflBw 
feoe  mmt  become  vety  coorex,  end  orce(pqqiyi<inwi  it 
the  oom^mted  aberration.    We  thereftie  retrntyilW  fir 

tte  V^ll^  of -,  «4  a  18  ^-gjjggp,  «  %p;|fl^ 

To  obtain  6,  U8e  the  eq^uatioD  ;x*=  —  "^  1»  which ^m 
-J-  ar  •— •  0)5041y  end  thei^eRiie  a  oonvexi  surlhoe.    i  ■ 

1 
4if  in  the  WW  with  J^  and:^  3;9 -^  (UKH4U  . 

--/        '  11 

Tqiobtam  y,  uie  the  eqaetioa -^^ss-^^w.  Nnrts 

O^eOMimd  y^— 0,Ap41/^nie8amortbKw0^10»; 

1 


fmfyce 


w««T^  "-.low 

=  9,87fc 

Lastly,  -p-  =  «•  ->  1  -^  o  (m'  —  I)  ^  O^IWI,  and  P 
1 

Now,  to  obtain  tSk  the  measuies  in  tanui  .of  die  M 
distance  P,  we  have  only  to  divide  the  memiret  ahcdij 
fouod  by  6^fS8S,  and  the  quotieiita  are  <dM  ommum 
wanted. 

Therefore  a  =  ^~  =  0,82885 

^^^^-^'^•^ 
0'=    -  -    =  —  0,31798 

P=    .    .    .    .    1. 


If  it  be  iDtandad  that  the  locel  distance  of  tlie  dtgecu 
^aflB  thaU  be  taaj  mmiber  n  of  inohei  ot  feet^  we  hare 
fily  to  mnltij^y  eadi  of  the  above  radia  by  n^  aad  we  have 
bcir  leogtha  in  inches  or  feet. 

Thus  we  have  ooniideted  the  investigation  of  the  con* 
bruction  of  a  double  oligectiglass.  Although  this  was  in* 
ricate,  the  final  result  is  abundantly  nrnple  for  practioe« 
specially  with  the  asastanoe  of  logarithms.  The  only 
nmblesome  thing  is  the  pceparatioa  of  the  nunerical  eo» 
ffidoits  Ay  B,  C,  D,  E  of  the  final  equation*  Strict  at. 
endon  must  also  be  paid  to  the  poative  and  negative  ngns 
f  the  quantities  employed. 

We  might  propose  other  conditions.  Thus  it  is  nsstural 
o  prefer  for  the  first  at  crown-glass  lens  such  a  form  as 
hall  give  it  the  smallest  possible  aberration.  This  wfll  re- 
quire a  small  aberration  of  the  flint-glass  to  correct  it  But 
i  little  rriHection  will  convince  us  iliat  this  form  will  not  be 
jood.  The  focal  distance  of  the  crown-glass  must  not  ez^ 
)eed  one-tlurd  of  that  of  the  compound  glass;  these  two 
)dng  nearly  in  the  proportion  of  dm!  ^^dm  to  dm'. 
Therefore  if  this  form  be  adopted,  and  a  be  made  about  ^th 
>f  hy  it  will  not  exceed  ^th  of  P.  Therefore,  although  we 
nay  produce  a  most  accurate  union  of  the  central  and  mar- 
rinal  rays  by  opposite  aberrations,  there  will  be  a  oonsider- 
dUe  aberration  di  some  rays  which  are  between  the  centre 
md  the  margin. 

It  is  absolutely  impossiUe  to  collect  into  one  point  the 
irhole  rays  (though  the  very  remotest  rays  are  united  with 
lie  central  rays),  except  in  a  very  particular  case,  which  can- 
not obtun  in  an  object-glass;  and  the  small  quantities  which 
11^  neglected  in  the  formula  which  we  have  ^ven  for  the 
ipherical  aberration,  produce  errors  which  do  not  fdlow  any 
proportion  of  the  aperture  which  can  be  expressed  by  an 
sanation  of  a  manageable  form.  Vth&i  the  aperture  is  very 
litfge,  it  is  better  not  to  correct  the  aberration  for  the 
Hrhole  aperture,  but  for  about  fths  of  it.     When  th^  t«c^% 
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cunrcgpooding  to  this  distaaoe  are  made  to  coimide  whh  the 
oentral  ray«  by  meaiiB  of  apponte  abemtian%  the  nji 
which  are  beyond  this  distance  will  be  united  with  some  d 
those  which  are  nearer  to  the  centre,  and  the  whok  diflii- 
sion  will  be  conuderably  diminished.  Dr  Smith  hss  illus- 
trated this  in  a  very  perspicuous  manner  in  his  theory  of 
Catqptric  Microsoc^. 

But  although  we  cannot  adopt  thia  form  ofanoligeeU 
glass,  there  may  be  other  considerationB  which  may  lead  n 
to  prefer  some  particular  (onn  of  the  crown-f^ass,  or  of  die 

flint-glass.  We  shall  therefore  adapt  our  general  equation  -^ 

BCD 

—  —  — -3—  -r  +  E=0  to  this  conation. 

Therefore  let  h  express  this  selected  ratio  of  the  two  ra* 

n 

dii  of  the  crown-glass,  making  —=  h  (reofBaabmag  sL 

ways  that  a  is  positive  and  b  negative  in  the  case  of  a  double 
convex,  and  A  is  a  negative  number.) 

With  this  condition  we  have  -t>  =  — .      But  when  we 

b       a 

make  n  the  unit  of  our  formula  of  aberration^  -t>= —  — 

b      a 

1.    Therefore  1  =  —  —  — .and — == ^    Now  sab- 

a        a  a       1  —  h 

stitute  this  for  —  in  the  general  equation,  and  diange  sll 

the  fflgns  (which  still  preserves  it  =  0.),  and  we  obtain 

a'*  +  a'       ^        (1— A)»  +  1  —  A  —  "• 

By  this  equation  we  are  to  find  — ,  or  the  radius  of  the 

a 

anterior  surface  of  the  flint-glass.     The  equation  is  of  this 
^ ibrm px'  +  qx  +  r=zO^  and  we  must  again  make  ^  =  -^ 
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ad  /  =  — .    Thcrrfore  s  =  -g-,  and  <  =  -^  x  f-r — 
"  (\—K\^  —  E  J.    Then,  finally, 


It  may  be  worth  while  to  take  a  particular  case  of  thia 
^ndition.  Sujqpose  the  crown-glass  to  be  of  equal  convex- 
ies  on  both  sides.  This  has  some  advantages :  We  can 
>11  with  precision  whether  the  curvatures  are  predsely 
ijual,  by  measuring  the  focal  distance  of  rays  reflected 
Bck  from  its  posterior  surface.  These  distances  will  be 
redsely  equal.  Now  it  is  of  the  utmost  importance  in  the 
3nstruction  of  an  object-glass,  which  is  to  correct  the  iphe- 
ical  aberration,  that  the  forms  be  |Hrecisely  such  as  are  re- 
uired  by  our  formulae. 

In  this  case  of  a  lens  equally  convex  on  both  sides 

—  is  =  ii-.   ,  ,  =r  a  .     Substitute  this  value  for  —  in 

A         B         C        D 

lie  general  equation  —5-  —  —  —  -r^  "^  — r  +  E  =  0, 

nd  then  — r  =  -7-  ;  —  becomes  -rr-.    Now  chance  all 

lie  signs,  and  we  have  '^+'^ E r'  +  "5~  =^> 

1 860 
iy  which  we  are  to  find  a^.    This  in  numbers  is  — ^—^ —  — 

i^  —  0,6044  =  0.    Then  s  =  ~g'^,  =  0,3867, 

nd  <  =  — r^^i  =  — M*4*.    Then  — i*=0,19SS; 
j,9oU 

V  =  0,0374;  and  Vi  S^  —  t  =  =*=  0,6941 ;  so  that  — 

or 


=  0,1933  =±=  0,6941.     This  gives  two  real  roots,  viz. 
t^74,  and  —  0^5008.    If  we  take  the  first,  we  shall  have 


4M 

a  ttmvipc  anterktf  surfiM  for  the  jfint^kli^'^Dd  cn» 
^OMidy  A  Yery  deep  obnwlne  for  liii  piAfa  wir  Mr&0&  We 
therefore  take  the  aeoond  or  iiq;atiTe  tML  <-«  (VBOftL 

s  0,104^  whidi  will  pTtt  a  hi]|^  TiAue  cfir. 

W6hadi-=i. 

'     •     •  a       S 

*  8 

aqd;  -^  it  the  wma  m  in  the  fisnnor  CMe,  'vis.  O^itiOS. 

Having  aU  these  ie<qix)eal%  we  inaj  fiiid  dly  1^  a' i',  ad 
P;  and  then  dividing  them  by  P,  we  obUna  finally 

aa>      0,3206 

i=r~0^806 

ofs^v^saoi 

y  =       1,533 

p=     1. 

By  comparing  this  objecUglass  with  the  fanner,  we  may 
rttnark^  that  diminifthing  a  a  little  increases  h^  and  in  this 
respect  improves  the  lens.  It  indeed  has  dinunnhed  i',  but 
this  bong  already  oonsiderabte,  no  inamvenienoe  attdidi. 
this  diminution.  But  we  learn,  at  the  same  time,  that  the 
advantage  must  be  very  small ;  for  we  cannot  *l«miwiA  « 
much  more,  without  making  it  as  small  as  the  smallest  ra- 
dius of  the  object-glass.  This  jnroportion  is  therefore  veij 
near  the  maximum,  or  best  possible ;  and  we  know  that  in 
such  cases,  even  oonttderable  changes  in  the^  radii  wiU  make 
but  small  changes  in  the  result :  for  these  reasons  we  Bxe 
disposed  to  j^ve  a  strong  preference  to  the  first  oanstmc- 
tion,  on  aoooimt  of  the  other  advantages  wluch  we  show- 
ed to  attend  iu 

As  another  ^uunple,  we-may  take  a  case  which  is  very 

nearly  the  genend  practice  of  the  London artials.     Tiiera. 

k       dius  of  curvature  for  the  anterior  sorfilKiec  of  flte  cbnvex 
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cvowifeglaA  it  ^ths  of  the  radius  of  the  posterior  surface,  so 
that  As  |.  This  bdmg  introduced  into  the  determinate 
equatimiy  gives 

a  =      0,8988  af  =  ^  0,3448 

» =  ~  0,3526  b  r=      1,1474 

As  another  con£tioa,  we  may  suppose  that  the  second 
or  ffint-gkss  is  o£  a  determined  f<Mrm. 

This  case  is  solved  much  in  the  same  manner  as  the  for- 
mer. Taking  &  to  represent  the  ratio  of  o^  and  y,  we  have 

1 

=  7-— jr.    This  value  being  substituted  in  the  general 

equation  -y ^  — ^p^ ^  + E  =  0,  gives  us  ^ 

-4  +  E-(l=X?-r:^  =  0-     This  gives  for 

B  1 

the  final  equation  x'  +  ix  +  t=^OyS  =  -jr-,  and  <=-x' 

/i7  C  D    \      ^     1 

^  (E  -  (HTaP  -  HTa;  and  —  =f  -  i  ^ 

We  might  here  take  the  particular  case  of  the  flint-glass 
being  equally  concave  on  both  sides.     Tb^,  because 


fi 


2        1 
=  —  tf,  and  in  the  case  of  equal  concavities  —  =  —ry  => 

a'       n  ^ 

11 
— -  11,  it  is  sufficient  to  put  — >  —  t»  for  -v.      This  being 

7u  Ok 

,         ,             .     ,               A         B  Ctt  \   Dtt        ^ 
done,  the  equation  becomes  —  — ^  +  -3 — h  E 

=  0.     This  gives  8  =  — -,  and  t  =  —  x  I 

+  E). 

We  imagine  that  these  cases  are  sufficient  for  shewing 
the  management  of  the  general  equation ;  and  the  example 
Vol.  III.  2  G 


j^^ipen 
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of  the  numerical  solution  of  the  first  case  affbrds  instances 
of  the  only  niceties  which  occur  in  the  process,  viz.  the  pro- 
per employment  of  the  positive  and  negative  quantities. 

We  have  oflener  than  once  observed,  that  the  fonnula 
is  not  perfectly  accurate,  and  that  in  very  large  apertures 
errors  wiU  remain.     It  is  proper  therefore,  when  we  hsTe 
obtained  the  form  of  a  compound  object-glaas,  to  calnilstf 
trigonometrically  the  progress  of  the  light  throu^  it;  and 
if  we  find  a  considerable  aberration,  either  chromatic  or 
spherical,  remaining,  we  must  make  such  changes  in  the 
curvatures  as  will  correct  them.     We  have  done  this  fcx 
the  first  example ;  and  we  find,  that  if  the  focal  distance  of 
the  compound  object-glass  be  100  inches,  there  remains  of 
the  spherical  aberration  nearly  ^^^th  of  an  inch,  and  the 
aberration  of  colour  is  over-corrected  above  {th  of  an  indu 
The  first  aberration  has  been  diminished  about  6  times,  and 
the  other  about  30  times.     Both  of  the  remaining  errors 
will  be  diminished  by  increasing  the  radius  of  the  inner  sur- 
faces.    This  will  diminish  the  aberration  of  the  crown* 
glass,  and  will  diminbh  the  dispersion  of  the  fiint  more 
than  that  of  the  crown.     But  indeed  the  i^maining  error  is 
hardly  worth  our  notice. 

It  is  evident  to  any  person  conversant  with  optical  dis- 
cussions, that  we  shall  improve  the  correction  of  the  sphe- 
rical aberration  by  diminishing  the  refractions.  If  we  em- 
ploy two  lenses  for  producing  the  convergency  of  the  rays 
to  a  real  focus,  we  shall  reduce  the  aberration  to  Jth. 
Therefore  a  better  achromatic  glass  will  be  formed  of  three 
lenses,  two  of  which  are  convex  and  of  crown-glass.  The 
refraction  bdng  thus  divided  between  them,  the  aberrations 
are  lessened.  There  is  no  occasion  to  employ  two  concave 
lenses  of  flint-glass ;  there  is  even  an  advantage  in  using 
one.  The  aberration  being  considerable,  less  of  it  will 
serve  for  correcting  the  aberration  of  the  crown-glass,  and 
therefore  such  a  form  may  be  selected  as  has  little  aberrsr 
Some  light  is  indeed  lost  by  these  two  additional 
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surfaces ;  but  tlus  is  much  more  than  compensated  by  the 
greater  apertures  which  we  can  venture  to  ^ve  when  the 
curvature  of  the  surface  is  so  much  diminished.  We  pro* 
ceed  therefore  to 


The  Qnuirudim  of  a  TripU  Achromatic  ObfecUGkus. 

It  is  plain  that  there  are  more  conditions  to  be  assumed 
before  we  can  render  this  a  determinate  problem,  and  that 
the  investigation  must  be  more  intricate.  At  the  same 
time,  it  must  give  us  a  much  greater  variety  of  construc- 
tions, in  consequence  of  our  having  more  conditions  neces- 
sary for  giving  the  equation  this  determinate  form.  Our 
limits  will  not  allow  us  to  give  a  full  account  of  all  that 
may  be  done  in  this  method.  We  shall  therefore  content 
ourselves  with  giving  one  case,  which  will  sufficiently  point 
out  the  method  of  proceeding.  We  shall  then  give  the  re- 
sults in  some  other  eli^ble  cases,  as  rules  to  artists  by  which 
they  may  construct  such  glasses. 

Let  the  first  and  second  glasses  be  of  equal  curvatures  on 
both  sides ;  the  first  being  a  double  convex  of  crown-glass, 
and  the  second  a  double  concave  of  flint-glass. 

Still  making  n  the  unit  of  our  calculus,  we  have  in  the 

first  place  a  =  —  i,  =  —  a*,  =  i'.     Therefore  — -— —- 
'^  a^       bf 


Therefore 


,                      dm      dm'      dm'^       ^  .  , 

the  equation 1 7-  H jt  =  0  becomes  i*  —  1  -f- 


n         n  n 


I*  1        1 

— —  =  0,  or  — ;r  =  —  —  !•     Let  us  call  thb  value  w'. 

We  have  —  =  m  —  1 ;  -7  =  —  (<»'  —  1);  — n  =  «*' 
(w  — l);-p-  =  y  +  y-  +  -^,=m  — 7?i'  +  tt'(i»— 1). 
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And  if-we  make  m'-—  m  =3  C',  we  shall  hacn  —  =  — 

1  1 

C  +  ur(m  —  iy     AlflOy=iii  — 1;^  =in-.l  — 

(wt  —  1),  =  m  —  w,  =  —  C. 
The  equality  of  the  two  ciirvatiiiiea  of  emctk  lens  fffes  ^ 

1        m,_    ^        1  1  111 

%    Therefore — =  — 


.111  1 

SubstitutiDg  these  valneB  in  the  general  eqpHioOf  we  ob- 
tain three  formulae, 

1.        .        c„^«.|«(8,»+l)+£^±9 


2.  ^m'i+i(2ii^  +  l)-''^+(9mf+1)(m^l) 

2  (ot'  +  1)  (m  —  1)       (3  CT +g)  (m  —1)* 
fji'  «»' 

Now  arniDge  these  quantides  according  as  they  are  co- 

11  •  .. 

efficients  of    ■    ^    and  of  -^^^  or  independent  quantities. 

Let  the  ooeffident  of  -~r-^  be  A,  that  of  -tt  be  B,  and 
the  independent  quantity  be  C,  we  have 

«^C-c*i»  +  ^^±i^  + 4  («!»'+ 1)  +  (Saf  +  l) 
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,     w  +  i     <(iiy-fl)(«i— l)^(S«i>+g)(n~l) 

Our  equation  now  becomes  — j  —  —  +  C  =  0. 

Tins  radaeed  to  numbers,  bj  computing  the  vfJues  -of 

the  coeffidents,  is  1^  —  ^^  —  0,81857  =  0. 

This,  dividedbj  1,318, gives«:»i  —  0,9>;and<  =  — 
0,8482;  — ^»  =  0,46;  ^^  =  0,2116;  and  V^i^  — < 
=  =±:  0,6781, 


And,  finaUy,  ^  »=  0,46  =±:  0,6781. 

This  has  two  roots,  viz.  0,2181  and  —  1,1881.  The 
last  would  pre  a  veiy  small  radius,  and  is  therefore  re- 
jected. 

Now,  proceeding  with  thk  value  of —;^  and  the  — ,  we 

get  the  other  radius  fr',  and  then,  by  means  diw^  we  get 
die  other  radius,  which  is  common  to  the  four  surfsu^i. 

Then,  by-^-  =»  —77  —  c*,  we  get  the  value  of  P. 

P 
The  radii  being  all  on  the  scale  of  which  n  is  the  unit, 

they  must  be  divided  by  P  to  obtain  thdr  value  on  the 

scale  which  Yvba  P  for  its  unit.    This  will  give  us 

^  =  ~  4,  =  — .  a;  =  i;  =  0,630 
or  =  1,216 

h'=  —  0,8046 

P=  1. 

This  is  not  a  very  good  form,  because  the  last  surface 
has  too  great  curvature. 

We  thought  it  worth  while  to  compute  the  curvatures 
for  a  case  where  the  internal  surfaces  of  the  lenses  cobicide^ 
in-order  to  obtain  the  advantages  mentioned  on  a  former 
occasion.    The  form  is  as  follows : 
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The  middle  lens  b  a  double  concave  of  flint^lass;  the 
last  lens  is  of  crown-glass,  and  has  equal  curvatures  on  both 
^es.  The  following  table  contains  the  dimenoons  of  the 
glasses  for  a  variety  of  focal  distances.  The  first  dolumn 
contains  the  focal  distances  in  inches ;  the  second  contains 
the  radii  of  the  first  surface  in  inches ;  the  third  contains 
the  radii  of  the  posterior  surface  of  the  first  lens  and  ante- 
rior surface  of  the  secoivd ;  and  the  fourth  column  has  the 
radii  of  the  three  remiuning  surfaces. 


p 

a 

b,<^ 

J*,  a»,  6' 

12 

9,25 

6,17 

12,76 

24 

18,33 

12,26 

26,6 

36 

27,33 

18,25 

38,17 

48 

36,42 

24,38 

60,92 

60 

45,42 

30,38 

63,68 

72 

64,6 

36,42 

76,33 

84 

63,5 

42,6 

89, 

96 

72,6 

48,5 

101,76 

108 

81,7 

54,58 

114,42 

120 

90,7 

60,58 

127,17 

We  have  had  an  opportunity  of  trying  glasses  of  this 
construction,  and  found  them  equal  to  any  of  the  same 
length,  although  executed  by  an  artist  by  no  means  excel- 
lent in  his  profession  as  a  glass-grinder.  This  very  circum- 
stance gave  us  the  opportunity  of  seeing  the  good  effects  of 
interposing  a  transparent  substance  betweeii  the  glasses. 
We  put  some  clear  turpentine  varnish  between  them,  which 
completely  prevented  all  reflection  from  the  internal  sur- 
faces. Accordingly,  these  telescopes  were  surprisingly 
bright ;  and  although  the  roughness  left  by  the  first  grind- 
ing was  very  perceptible  by  the  naked  eye  before  the  glasses 
were  put  together,  yet  when  joined  in  this  manner  it  entire- 
ly disappeared,  even  when  the  glasses  were  viewed  with  a 
deep  magnifier. 

The  aperture  of  an  object-glass  of  this  construction  of  3() 
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inches  focal  distance  was  8}th  inches,  ^hich  is  considerably 
more  than  any  of  Mr  DoUond^s  that  we  have  seen. 

If  we  should  think  it  of  advantage  to  make  all  the  three 
lenses  isosceles^  that  is,  equally  curved  on  both  surfaces,  the 
general  equation  will  give  the  following  radii : 
a  =  +  0,6S9        a'  =  —  0,6285        o^  =  +  0,6418 
6  =  —  0,689        l^=  +  0,5285         A'/  =  —  0,6413 
This  seems  a  good  form,  having  large  ladii. 

Should  we  choose  to  have  the  two  crown-glass  lenses 
isosceles  and  equal,  we  must  make 
a=+  0,6412         a'  =  —  0,5227      a"  =i  +  0,6418 
6  =  —  0,6412        i'  =  +  0,6367        &'  =  —  0,6412 
This  form  hardly  di£Pers  from  the  last 

Our  readers  will  recollect  that  all  these  forms  proceed  on 
certain  measures  of  the  refractive  and  dispersive  powers  of 
the  substances  employed,  which  arc  expressed  by  m,  m',  d  m 
and  d  m* :  and  we  may  be  assured  that  the  formulae  are  suffi- 
ciently exact,  by  the  comparison  (which  we  have  made  in 
one  of  the  cases)  of  the  result  of  the  formula  and  the  trigo- 
nometrical calculation  of  the  progress  of  the  rays.  The  er- 
ror was  but  ^'^th  of  the  whole,  ten  times  less  than  another 
error,  which  unavoidably  remains,  and  will  be  considered 
presently.  These  measures  of  refraction  and  dispersion 
were  carefully  taken ;  but  there ,is  great  diversity,  particu- 
larly in  the  flint^lass.  We  are  well  informed  that  the 
manufacture  6f  this  article  has  considerably  changed  of  late 
years,  and  that  it  is  in  general  less  refractive  and  less  dis- 
persive than  formerly.  This  must  evidently  make  a  change 
in  the  forms  of  achromatic  glasses.  The  proportion  of  the 
focal  distance  of  the  crown-glasses  to  that  of  the  flint  must 
be  increased,  and  this  will  occa^on  a  change  in  the  curva- 
tures, which  shall  correct  the  spherical  aberration.  We  ex- 
amined with  great  care  a  parcel  of  flint-glass  which  an  art- 
ist  of  this  city  got  lately  for  the  purpose  of  making  achro- 
matic object-glasses,  and  also  some  very  white  crown-glass 
made  in  Leith,  and  we  obtained  the  following  measures : 
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111  =  1,689  dm_U2       f^aiQAi 

m'=  1,678  dm'""  819  —  "»'^*"^- 

We  computed  some  forms  for  triple  olgectfrlMieB  Bade 
of  these  glasses,  which  we  riball  subjcnn  as  a  Bpeamea  of  the 
variations  which  this  change  of  data  will  oocasioD. 
If  all  the  three  lenses  are  made  isosceles,  we  have 
«=  + 0,796        a'  =  — 0,474        a"  =  + 0,608 
b  =  —  0,796        ft'  =  +  0,474        b^  =  —  0,602 

Or 
a  =       0,604  o'  =  — .  0,«r6  «^  =  +  0,793 

ft  =  —  0,604  ft'=       0,475  6"=  — 0,798 

If  the  middle  lens  be  isosceles,  the  two  crown-glass  lenses 
may  be  made  of  tlie  same  fonn  and  focal  dUstance,  and 
placed  the  same  way.     This  will  give  us 
o=+ 0,706  a'  =  — 0,476  o^  =  + 0,705 

ft  =  — 0,647  *'=  + 0,476  ft^  =  — 0,647 

N.  B."— This  construction  allows  a  much  better  fimi,  if 
the  measures  of  refraction  and  dispersion  are  the  same  that 
we  used  formerly.     For  we  shall  have 
.     a  =  +  0,628        a'  ==^—  0,679        a'' =  +  0,688 
ft  =  —  0,749        ft'  =  +  0,679         ft"  =  —0,749 
And  tiiis  is  pretty  near  the  practice  of  the  London  opti- 
cians. 

We  may  here  observe,  upon  the  whole,  that  an  amateur 
has  little  chance  of  succeeding  in  these  attempts.  The  di- 
versity of  glasses,  and  the  uncertainty  of  the  workmanli 
producing  the  very  curvatures  which  he  intends,  is  so  great, 
that  the  object-glass  turns  out  different  from  our  expecta- 
tion. The  artist  who  makes  great  numbers  acquires  a  pretty 
certain  guess  at  the  remaining  error;  and  having  many 
lenses,  intended  to  be  of  one  form,  but  unavoidably  differ- 
ing a  little  from  it,  he  tries  several  of  them  with  the  other 
two,  and  finding  one  better  than  the  rest,  he  makes  use  of 
"  to  complete  the  set 

great  difficulty  in  the  construction  is  to  find  the  ex- 
of  the  dispersive  powers  of  the  crown  and 
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flint  g^am  The  txawn  is  pretty  cxmstant;  but  there  is 
hardly  tVD  pots  of  fimt-glaflB  iriiieh  have  the  samediqwrsiTe 
power.  Even  if  constant,  it  is  difficult  to  measure  it  accu- 
rately; and  an  eirar  in  this  greatly  afiects  the  instrument, 
because  the  tool  distances  of  the  lenses  must  be  nearly  as 
th^  disperam  powen.  The  method  of  examining  this 
dTcumstanoe,  whidi  we  found  most  accurate,  was  as  fol- 
lows: 

The  8un*s  fight,  or  that  of  a  brilliant  lamp,  passed  through 
a  small  hde  in  a  board,  and  fell  on  another  board  pierced 
also  with  a  small  hole.  Behind  this  was  placed  a  fine  prism 
A  {Kg.  15.),  which  formed  a  spectrum  ROV  on  a  screen 
pierced  with  a  small  hole.  Behind  this  was  pUced  a  pism 
B  of  the  substance  under  examination.  The  ray  which  was 
refracted  by  it  fell  on  the  wall  at  D,  and  the  distance  of  its 
iUumimition  from  that  point  to  C,  on  which  an  unrefracted 
ray  would  have  fidkn,  was  carefully  measured.  Thisshow- 
ed  the  refiraetion  of  that  colour.  Then,  in  order  diat  we 
might  be  certain  that  we  always  compared  the  refraction  of 
the  same  predse  odour  by  the  different  prisms  placed  at 
B,  we  marked  the  precise  ponticm  of  the  {nrism  A  when 
the  ray  of  a  partioolar  colour  fell  on  the  prism  B.  Thb 
was  done  by  an  index  AGattached  to  A,  and  turning  with 
it,  when  we  caused  the  different  colours  of  the  qsectrum 
formed  by  A  to  fidl  on  B.  Having  examined  one  prism  B 
with  reqieot  to  all  the  colours  in  the  spectrum  fionned  by 
A,  we  put  another  B  in  its  place,  llien  bringing  A  to  all 
its  former  pontions  successively,  by  means  of  a  graduated 
arch  H6K,  we  were  certain  that  when  the  index  was  at  the 
same  diviaon  of  die  arch  it  was  the  Tery  ray  which  had 
been  made  to  pass  through  the  first  prism  B  in  a  former 
experiment  We  did  not  solicitously  endeavour  to  find  the 
very  extreme  red  and  wdet  rays ;  because,  although  wedid 
not  kam  the  whole  diqperrions  of  the  two  prisms,  we  learn- 
ed their  proportions,  wUch  is  the  circumstance  wanted  in 
the  construction  of  achromatic  glassea^    It  is  in  vain  to 
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attempt  this  by  measuring  the  spectnima  themselfes;  fa 
we  cannot  be  certain  of  selecting  the  yery  aane  coioun  fa 
the  comparison,  because  they  succeed  in  an  insfmiMp  gn* 
dation. 

The  intelligent  reader  will  readily  observe,  that  «e  have 
hitherto  proceeded  on  the  suppo^tion,  that  when,  fay  mans 
of  contrary  refractions,  we  have  united  the  extreme  rednd 
%'iolet  rays,  we  have  also  united  all  the  others.     But  this  is 
quite  gratuitous.     Sir  Isaac  Newton  would,  however,  fasve 
made  the  same  supposition ;  for  he  imagined  that  the  difir- 
ent  colours  divided  the  spectrum  formed  by  all  substsnea 
in  the  proportions  of  a  musical  canon.     This  is  a  misUk. 
When  a  spectrum  is  formed  by  a  prism  of  crown-glasB,  md 
another  of  precisely  the  same  length  is  formed  by  the  side  of 
it  by  a  prism  of  flint-glass,  the  confine  between  the  gras 
and  blue  will  be  found  precisely  in  the  middle  of  the  £nt 
spectrum,  but  in  the  second  it  will  be  oonsidenihly  nesicr 
to  the  red  extremity.     In  short,  diftercnt  substances  do  not 
disperse  the  colours  in  the  same  proportion. 

The  effect  of  this  irrationality  (so  to  call  it)  of  diq)er90ii, 
will  appear  plainly,  we  hope,  in  the  following  manner :  Let 
A  (Fig.  12.)  represent  a  spot  of  white  solar  light  falling 
perpendicularly  on  a  wall.  Suppose  a  prism  of  common 
glass  placed  behind  the  hole  through  which  the  light  is  ad- 
mitted, with  its  refracting  angle  facing  the  left  hand.  It 
will  refract  the  beam  of  light  to  the  right,  and  will  at  the 
same  time  disperse  this  heterogeneous  light  into  its  compo> 
nent  rays,  carrying  the  extreme  red  ray  from  A  to  R,  the 
extreme  orange  from  A  to  O,  the  extreme  yellow  from  A 
to  Y,  &c  and  will  form  the  usual  prismatic  spectrum 
RO YGBPVC.  If  the  whole  lengdi  RC  be  divided  into 
1000  parts,  we  shall  have  (when  the  whole  refraction  AR 
is  small)  RO  very  nearly  125,  RY=gOO,  KG=:Sd3,  RB= 
500,  RP=667,  RV=778,  and  RC=1U00 ;  this  being  the 
ion  observed  in  the  differences  of  the  sines  of  lefirac- 
Sir  Isaac  Newton. 

\ 
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-.  Perhapi  a  vefractiiig  iqedium  may  be  fbimd.auch,  that  a 
prism  nude  of  it  would  refiract  the-white  light  from  A',  in 
the  upper  line  of  this,  figure,  in  such  a  manner  that  a  spec- 
trum R'O'Y'G'B'FV'C  shall  be  formed  at  the  same  dis- 
tance  frcm  A',  and  of  the  same  length,  but  divided  in  a  dif- 
ferent pn^KVtion.  We  do  not  know  that  such  a  medium 
has  been  found ;  but  we  know  that  a  prism  of  fUnt-glass 
has  its  refractive  and  dispersive  powers  so  constituted,  that 
if  A'H'  be  taken  about  ^d  of  AR,  a  spot  of  white  light, 
formed  by  rays  falling  perpendicularly  at  H',  will  be  so  re- 
fracted and  dbpersed,  that  the  extreme  red  ray  will  be  car* 
ried  from  H'  to  R',  and  the  extreme  violet  from  H'  to  &, 
and  the  intermediate  colours  to  intermediate  points,  forming 
a  spectrum  resembling  the  other,  but  having  the  colours 
more  constipated  towards  R',  and  more  dilated  towards  C ; 
so  that  the  ray  which  the  common  glass  carried  to  the 
middle  point  B  of  the  spectrum  RC  is  now  in  a  point  B'  of 
the  spectrum  R'C,  considerably  nearer  to  R'. 

Dr  Blair  has  found,  on  the  other  hand,  that  certain  fluids, 
particularly  such  as  contain  the  muriatic  acid,  when  formed 
into  a  prism,  will  refract  the  light  from  H"*  (in  the  lower 
line)  so  as  to  form  a  spectrum  R"C"  equal  to  RC,  and  as 
far  removed  from  A"  as  RC  is  from  A,  but  having  the  co- 
lours more  dilated  toward  R",  and  more  constipated  toward 
C,  than  is  observed  in  RC  ;  so  that.the  ray  which  was  car- 
ried by  the  prism  of  common  glass  to  the  middle  point  B  is 
carried  to  a  point  B'',  considerably  nearer  to  C". 

Let  us  now  suppose  that,  instead  of  a  white  spot  at  A, 
we  have  a  prismatic  spectrum  AB  (Fig.  18.),  and  that  the 
prism  of  common  glass  is  applied  as  before,  immediately  be- 
hind the  prism  which  forms  the  spectrum  AB.  We  know 
that  this  will  be  refracted  sidewise,  and  will  make  a  spec- 
trum RO  YGBPC,  inclined  to  the  plane  of  refraction  in  an 
angle  of  45*^ ;  so  that  drawing  the  perpendicular  RC,  we 
have  RC'=c'  C. 

We  also  know  that  the  prism  of  flint-glass  would  refract 
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the  spectram  famed  by  the  flnft  prum  on  BHF,  m ndii 
nuumer  that  the  red  rqr  will  go  to  B,  the  wilet  to  C,  mi 
the  iatermediate  njs  to  pcmits  o,  Jfi  ^9  A»  Pt  v,  flo  obiitdl 
that  O  o  is  =  R'O'  of  the  other  figure;  Y  y  ia  sBT'of 
that  figure,  6^=rR'&,  fcc.  TlKse  pouts  ran*  dwn- 
five  lie  in  a  curye  R  oyghpv  C,  which  ia  oonveK  temnl 
the  axis  R'C.' 

In  like  manner  we  may  be  aMUied  that  Dr  Bfair  s  Ind 
will  form  a  spectrum  ^dffffVf^y  yf  C^  ooncafe  tnvBiI 
B'C. 

Let  it  be  observed  by  the  way,  that  thb  ia  a  ^eiy  gsrf 
methcxl  for  discovering  whether  a  mediuHi  diapmsestiieligfct 
in  the  same  proportion  with  the  prism  which  ia  enplojcd 
for  filming  the  first  spectrum  AB  or  EF.  It  dispcnei  k 
the  same  or  in  a  diflferent  proportioD,  acootdiiig  as  deiib- 
lique  spectrum  is  straight  or  crooked ;  and  die  exact  po- 
portion  corresponding  to  each  odour  b  had  by  meawiisg 
the  ordinates  of  the  curves  R  ft  C  or  R  ft'  C. 

Having  formed  the  oUique  iq)ectrum  RBC  by  a  pnan 
of  common  glass,  we  know  that  an  equal  prism  of  the  ssine 
glass,  placed  in  a  contrary  position,  will  bring  back  til  the 
rays  from  the  spectrum  RBC  to  the  spectnnn  AB,  laying 
each  colour  on  its  former  place. 

In  like  manner,  having  formed  the  oblique  spectmn 
R  'ft  C  by  a  prism  of  flint-glass,  we  know  that  another  prias 
of  flint-glass,  placed  in  the  opposite  direction,  wiU  bring  sU 
the  rays  back  to  the  spectrum  EHF. 
'  But  having  finmed  the  oblique  spectrum  RBC  hj  i 
prism  of  common  glass,  if  we  place  the  flint-glass  priaa 
in  the  contrary  pontion,  it  will  bring  the  colour  R  bsck 
to  £,  and  the  colour  C  to  F ;  but  it  will  not  bring  the 
colour  B  to  H,  but  to  a  point  A,  such  diat  B  A  is  eqosl 
to  ft  H,  and  ft  B  to  A  H.  In  like  manner,  the  other  co- 
lours ^1  not  be  brought  back  to  the  straight  line  EHF, 
but  to  a  curve  E  A  F,  forming  a  crooked  spectrum. 

In  like  manner,  the  fliuds  discovered  by  Dr  Hair,  when 
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empbycd  to  bring  hBsk  the  oblique  spectrum  BBC  formed 
by  oommon  glass,  will  bring  its  extremities  back  to  E  and 
Fy  and  fimn  tba  crooked  spectrum  £  A'  F  lying  beyond 
£HF. 

This  experiment  evidently  gives  us  another  method  for 
examining  the  propordonality  of  the  dispersion  of  diffierent 
aubstanoes. 

HavB^  by  ^vi^mtyn  glass,  brought  back  the  oblique 
spectrum  fivmed  by  common  glass  to  its  natural  place 
AB,  suppose  the  o^ginal  spectrum  at  AB  to  contract  gnu 
dually  (as  Newton  has  made  it  do  by  means  of  a  lens), 
k.  18  pUm  that  the  oblique  spectrum  will  also  contractf 
and  so  wiU  the  second  spectrum  at  A  B ;  and  it  will  at 
laat  coalesce  into  a  white  spot  The  effect  wiU  be  equi- 
Talent  to  a  gradual  compression  of  the  whole  figure,  by 
which  the  parallel  lines  AB  and  BC  gradually  approach, 
^xiA  at  last  uxlite* 

In  like  manner,  when  the  oblique  qpectrum  &rmed  by 
ffint;-glas8  it  brought  back  to  £HF  by  a  flint-glass  prism, 
and  the  figure  compressed  in  the  same  gradual  manner,  all 
the  colours  will  coalesce  into  a  white  spot 

But  wb^i  flint-glass  is  empbyed  to  bring  back  the  ob- 
lique spectrum  formed  by  common  glass,  it  forms  the 
(arooked  spectrum  £  A  F.  .  Now  let  the  figure  be  compress- 
ed. The  curve  £  &  F  will  be  doubled  down  on  the  line 
H  A,  and  there  will  be  formed  a  compound  qpectrum  H  A, 
quite  unlike  the  common  spectrum,  being  purple  or  claret 
coloured  at  H  by  the  mixture  of  the  extreme  red  and  violet, 
and  green  edged  with  blue  at  A  by  the  mixture  of  the  green 
and  Uua  The  fluid  prisms  would  in  like  manner  form  a 
spectrum  of  the  same  kind  on  the  other  side  of  H. 

Thia  is  precisely  what  is  observed  in  adiromatic  object- 
gtasses  made  of  crown-glass  and  flint :  for  tlie  refraction 
fram  A  to  R  corresponds  to  the  refraction  of  the  convex 
croiWQ-glass ';  and  the  contrary  refracticm  from  B  to  £  cor- 
reqponda  to  the  ccmtnury  refraction  of  the  concave 
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glass,  which  still  leaves  a  part  of  the  first  refiraction,  pn. 
ducing  a  convei^noe  to  the  axis  of  the  tdeaoope.  Itk 
found  to  give  a  purple  or  wine-ookmred  fbcus,  and  within 
this  a  green  one,  and  between  these  an  imperfect  white; 
Dr  Blair  found,  that  when  the  eyerglass  was  drawn  oat  be- 
yond its  proper  distanee,  a  star  was  surrounded  by  a  giROi 
fringe,  by  the  green  end  of  the  spectrum,  which  croand 
each  other  within  the  focus ;  and  when  the  eye-g^  wm 
too  near  the  object-glass,  the  star  had  a  win&«oIoared 
fringe.  The  green  rays  were  ultimately  most  refractei 
N.  B.  We  should  expect  the  fringe  to  be  of  a  blue  bokxir 
rather  than  a  green.  But  this  is  eiaaly  explained :  Tbe 
extreme  violet  rays  are  very  faint,  so  as  hardly  to  be  sen- 
sible ;  therefore  when  a  compound  glass  is  made  as  adiro- 
matic  as  possible  to  our  senses,  in  all  probability  (nay  eer- 
tunly)  these  almost  insensible  violet  rays  are  left  ou^  and 
perhaps  the  extreme  colours  which  are  united  are  the  red 
and  the  middle  violet  rays.  This  makes  the  green  to  be 
the  mean  ray,  and  therefore  the  most  outstanding  when  the 
dispersions  are  not  proportional. 

Dr  Blair  very  properly  calls  these  spectrums,  H  h  and 
H  hj  secondary  spectrums,  and  seems  to  think  that  he  is 
the  first  who  has  taken  notice  of  them.  But  Mr  Clairault 
was  too  accurate  a  mathematician,  and  too  careful  an  ob- 
server, not  to  be  aware  of  a  circumstance  which  was  of 
primary  consequence  to  the  whole  inquiry.  He  could  not 
but  observe  that  the  success  rested  on  this  very  particular, 
and  that  the  proportionality  of  dispersion  was  indispensably 
necessary. 

This  subject  was  therefore  touched  on  by  Clairault ;  and 
fuUy  discussed  by  Boscovich,  first  in  his  Dissertations  polv 
lished  at  Vienna  in  1759 ;  then  in  the  Comment,  Bonom- 
ensis;  and,  lastly,  in  his  Opuscula,  published  in  1785. 
Dr  Blair,  in  his  ingenious  Dissertation  on  Acluomatic 
Glasses,  read  to  the  Royal  Society  of  Edinburgh  in  1793, 
not  to  have  known  of  the  labours  of  these  writers; 
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speaks  of  it  as  a  new  discovery ;  and  exhibits  some  of  the 
consequences  of  this  principle  in  a  singular  point  of  view, 
as  something  very  paradoxical  and  inconsistent  with  the 
usually  received  notions  on  these  subjects.  But  they  arc 
by  no  means  so.  We  are,  however,  much  indebted  to  his 
ingenious  researches,  and  his  successful  endeavours  to  find 
some  remedy  for  this  imperfection  of  achromatic  glasses. 
Some  of  hb  contrivances  are  exceedingly  ingenious ;  but 
had  the  Doctor  consulted  these  writers,  he  would  have 
saved  himself  a  good  deal  of  trouble. 

Bosoovich  shows  how  to  unite  the  two  extremes  with  the 
most  outstanding  colour  of  the  secondary  spectrum,  by 
means  of  a  third  substance.  When  we  have  done  this,  the 
aberration  occasioned  by  the  secondary  spectrums  must  be 
prodigiously  diminished ;  for  it  is  evidently  equivalent  to 
the  union  of  the  points  H  and  h  of  our  figure.  Whatever 
cause  produces  this  must  diminish  the  curvature  of  the 
arches  E  h  and  h  F  :  but  even  if  these  curvatures  were  not 
diminished,  their  greatest  ordinates  cannot  exceed  ^th  of 
HA;  and  we  may  say,  without  he^tation,  that  by  uniting 
the  mean  or  most  outstanding  ray  with  the  two  extremes, 
the  remaining  dispersion  will  be  as  much  less  than  the  un* 
corrected  colour  of  Dollond^s  achromatic  glass,  as  this  is 
less  than  four  times  the  dispersion  of  a  common  object- 
glass.     It  must  therefore  be  altogether  insensible. 

Boscovich  asserts,  that  it  is  not  possible  to  unite  more 
than  two  colours  by  the  opposite  refraction  of  two  sub- 
stances, which  do  not  disperse  the  light  in  the  same  propor- 
tions. Dr  Blair  makes  light  of  this  assertion,  as  he  finds  it 
made  in  general  terms  in  the  extract  made  by  Priestley 
from  Boscovich  in  his  Essay  on  the  History  of  Optics ;  but 
had  he  read  this  author  in  his  own  dissertations,  he  would 
have  seen  that  he  was  perfectly  right  Dr  Blair,  however, 
has  hit  on  a  very  ingenious  and  efiectual  method  of  pro- 
ducing this  union  of  three  colours.  In  the  same  way  as 
we  correct  the  dispersion  of  a  concave  lens  of  crown-glass 


^ 
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by  the  opposite  dispersbn  of  a  concave  lens  of  flint-j^, 
we  may  correct  the  secondary  dispersion  of  an  acfaromadc 
convex  lens  by  the  opposite  secondary  dispersoa  of  u 
achromatic  concave  lens.  But  the  intelligent  mder  wiQ 
observe,  that  this  union  does  not  contradict  the  asntioD  of 
Boscovich,  because  it  is  necessarify  produced  fay  nems  of 
three  refracUng  substances. 

The  most  essential  service  which  the  puUic  has  reoored 
at  the  hands  of  Dr  Blair  b  the  diaoovery  of  fluid  medium 
of  a  proper  dispendve  power.  By  composing  the  lenses  of 
such  substances,  we  are  at  once  freed  from  the  iircgulaiities 
in  the  refraction  and  dispersion  of  flint-glass,  which  the 
chemists  have  not  been  able  to  free  it  franu  In  whatever 
way  this  glass  is  made,  it  consistsof  parts  which  difeboth 
in  refractive  and  disperave  power ;  and  when  taken  up 
from  the  pot,  these  parts  mix  in  threads,  which  may  be 
disseminated  through  the  mass  in  any  degree  ^of  finenes. 
But  they  still  retain  their  properties ;  and  when  a  pieoe  of 
flint-glass  has  been  formed  into  a  lens,  the  eye,  fdsoedin  its 
focus,  sees  the  whole  surface  occupied  by  glistening  threads 
or  broader  veins  running  across  it  Great  rewards  have 
been  ofiered  for  removing  this  defect,  but  hitherto  to  no 
purpose.  We  beg  leave  to  propose  the  following  method : 
Let  the  glass  be  reduced  to  powder,  and  then  melted  with 
a  great  proportion  of  alkaline  salt,  so  as  to  make  a  liquor 
silicum.  When  precipitated  from  this  by  an  acid,  it  must 
be  in  a  state  of  very  uniform  composition.  If  again  melted 
into  glass,  we  should  hope  that  it  would  be  free  from  this 
defect ;  if  not,  the  case  seems  to  be  desperate. 

But  by  using  a  fluid  medium,  Dr  Blair  was  freed  {fom 
all  this  embarrassment ;  and  he  acquired  another  immense 
advantage,  that  of  adjusting  at  pleasure  both  the  refractive 
and  dispersive  powers  of  his  lenses.  In  soUd  lenses,  we  do 
not  know  whether  we  have  taken  the  curvatures  suited  to 
the  refractions  till  our  glass  is  finished ;  and  if  we  have  mis- 
taken tlic  proportions,  all  our  labour  is  lost.     But  when 
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fluids  wee  used,  it  is  enough  that  we  know  nearly  the  re- 
fisctioiis.  We  suit  our  food  distances  to  these,  and  tfa^i 
sdect  our  curvatures,  so  as  to  remove  the  aberration  of 
figure,  preserving  the  focal  distances.  Thus,  by  properly 
tempering  the  fluid  mediums,  we  bring  the  lens  to  agree 
precisely  with  the  theory,  perfectly  achromatic,  and  the 
aberration  of  figure  as  much  corrected  as  is  possible. 

Dr  Blair  examined  the  refractive  and  dispernve  powers 
of  a  great  variety  of  substances,  and  found  great  varieties 
in  their  actions  on  the  different  colours.*  This  is  indeed 
what  every  weU-informed  naturalist  would  expect  There 
is  no  doubt  now  among  naturalists  about  the  mechanical 
connexion  of  the  phenomena  of  nature ;  and  all  are  agreed 
that  the  chemical  actions  of  the  particles  of  matter  are  per- 
fectly like  in  kind  to  the  action  of  gravitating  bodies ;  that 
all  these  phenomena  are  the  effects  of  forces  like  those 
which  we  call  attractions  and  repulaons,  and  which  we  ob- 
serve in  magnets  and  electrified  bodies ;  that  light  is  re- 
fracted by  forces  of  the  same  lund,  but  differing  chiefly  in 
the  small  extent  of  their  sphere  of  activity.  One  who  views 
things  in  this  way  will  expect,  that  as  the  actions  of  the 
same  add  for  the  different  alkalis  are  different  in  degree, 
and  as  the  different  adds  have  also  different  actions  on  the 
same  alkali,  in  like  manner  different  substances  differ  in 
their  general  refractive  powers,  and  also  in  the  proportion 
of  their  action  on  the  different  colours.  Nothing  is  more 
unlikely  therefore  than  the  proportional  dispersion  of  the 
different  colours  by  different  substances ;  and  it  is  surpris- 
ing that  this  inquiry  has  been  so  long  delayed.  It  is 
hoped  that  Dr  Blair  will  oblige  the  public  with  an  account 
of  the  experiments  which  he  has  made.     This  will  enable 


*  A  very  fbU  series  of  experiments  on  this  subject  will  be  found 
in  Dr  Brewster's  TrtaiUe  on  new  PhilosophicaL  Insirumentt,  p.  315, 
and  in  the  Edinburgh  Transactions,  vol.  VIII.  p.  1. 
Vol.  III.  2  H 


482  TXLSiooPE. 

cithers  to  oo-opertte  in  the  ittprefgmcnt  <if  wAnmtk 
gUMeSb  We  caxmoi  derive  much  biovrfedge  froni  vhit 
he  has  abeady  published,  because  it  waa  chkAy  with  the 
intentioii  of  gvring  a  popular,  though  not  an  accurate  fiew 
of  the  sulqect  The  eonstructioaa  whioh  are  tbeie  mea- 
tioned  are  not  those  whidi  he  fimnd  noat  eA^ctud,  but 
those  whidi  would  be  most  easily  understood^  or  dsaon- 
strated  by  the  sKght  theory  which  is  oontakied  in  the  dk- 
sertation;  beades,  the  manner  of  egpressing  the  Jillfaeutt 
cf  refrangibility,  periuqps  diosen  for  its  paradknoeal  eppcv- 
ance,  does  not  gite  us  a  dear  notion  of  the  characteristic 
deferences  of  the  substances  examined.  Those  r«ys  which 
are  ultimatdy  most  deflected  fiom  their  dhrectioni,  are  mU 
to  have  become  the  most  reftanpble  by  the  oonfainatiaa  of 
diffsient  substances,  although,  in  all  the  partieidar  reftae- 
tions  by  which  this  effect  is  produced,  they  are  less  vefiwel- 
ed  than  the  violet  li^L  We  can  just  gather  this  snidb, 
that  common  glass  disperses  the  rays  in  such  a  mamier, 
that  the  ray  which  is  in  the  confine  of  the  greoi  and  blue 
occupies  the  middle  of  the  prismatic  spectrum ;  but  in 
glasses,  and  many  other  substances,  wbidi  are  more  disper- 
sive^ this  ray  is  nearer  to  the  ruddy  extremity  of  the  spec- 
trum. While  therefore  the  straight  line  RC  (Fig.  13.) 
terminates  the  ordinates  O  &j  YY',  Gg^f  &c«  which  repre- 
sent the  dispersion  of  common  glass,  the  ordinates  whidi 
exptess  the  dispersi(ms  of  these  substances  are  temunated 
by  a  curve  pasting  through  R  and  C',  but  lying  below  the 
hne  RO.  When  therefore  paralld  heterogeneous  light  is 
made  ta  converge  to  the  axis  of  a  convex  lens  of  commoD 
glass,  as  happens  at  F  in  Fig.  8.  the  light  is  dispened, 
and  the  riolet  rays  have  a  shorter  focal  distance.  If  we 
now  apply  a  concave  lens  of  greater  dispersive  power,  the 
red  and  violet  rays  are  brought  to  one  focus  F" ;  but  the 
*  green  rays,  not  being  so  much  refracted  away  from  F,  are 
left  behind  at  ^,  and  have  now  a  shorter  focal  ^stance. 
But  Dr  Blair  afterwaxds  fo\md  \Snal  \]\\&  Nroa  not  'the  case 
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with  tl»  ntsktw  andy  aa^siiiM  aiAitkM^  Helomid 

tlmt  the  njr  Irliidb  comnon  gian  outed  to  occupy  thi 
laiddle  of  the  wpmibmm  wm  much  aeaer  to  the  blue  e&- 
tmnily  whM  nfirecltd  by  these  flvndt.  Therefive  m  ocaw 
cave  lens  filmed  of  such  fluidK  which  united  the  red  end 
Txdet  imye  hi  Wi  icfieoled  the  green  reye  toy*'. 

Hmmg  eheeifed  tUs  it  was  en  obmus  conjiBctine^  Alt 
a  Bvslaie  of  soew  of  Aeee  fluids  might  produce  a  mediniBt 
wboee.aetioii  on  theintemiediate  rays  diouldhave  the  sane 
proportkm  tbaX  is  observed  on  oonMnon  glass;  or  that  two 
cf  them  might  be  finmd  whieh  ibnned  qiectxm  simibuiy  dim 
vided>  and  yet  diflkring  soffidentlf  in  diqxrsive  power  to 
enable  us  to  destroy  the  diqiersioo  by  contrary  rcfiraetians^ 
without  destroying  the  whcie  refraction.  Dr  Blair  aoeoid^ 
ini^y  fiaind  a  mixture  of  soliitioBs  of  ammoniasal  and  mcr* 
cunaissks,  and  also  some  other  substances^' winch  produced 
dispennons  pioportiattal  to  that  of  glassy  with  reqpect  to  the 
diuerent  colours* 

Andthnahas  theresnlt  of  tins  intricate  and  laborious 
investigation  corresponded  to  his  utmost  wishes.  Re  hae 
produced  achroniatic  telescopes  which  seem  as  perfect  as 
the  thing  will  admit  of;  ibr  he  has  been  aUe  to  give  them 
such  apertures,  that  the  mcorrigiUe  aberration  arising 
from  the  qpherical  surfaces  becomes  a  sensiUe  quantity, 
and  predudes  farther  amplification  by  the  eye-glasseft  We 
have  examined  <me  of  his  telescopes:  The  ibcsl  distance  of 
the  object-glass  did  not  exceed  17  indies^  and  the  aperture 
was  fully  S^  inches.  We  viewed  some  ringle  and  double 
stars  and  scmie  common  objects  with  this  tdesoope ;  and 
finnidt  that  in  magnifying  power,  brightness,  and  distinct- 
nesB,  it  was  manifestly  superior  to  one  of  Mr  DoBond's  of 
48  inriwefocal  length.  It dso  gave  us  an qiportunity  of 
admiring  the  dexterity  of  the  London  artists,  who  eouU 
wcark  the  glasses  with  such  accuracy.  We  had  most  dis» 
tinct  virion  of  a  star  when  using  an  erecting  eye-piece, 
which  made  this  tdesoope  magnify  inoie  thsoi  «l  V»mAK& 
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times;  and  we  finind  the  field  of  vLnaii  tm  umfimniy  & 
tinct  MB  with  Dolkmd's  42  iodi  teleioope  magmfTing  46 
times.  The  intelligent  reader  must  admire  the  nice  figur- 
ing and  centering  of  the  very  deep  eye-glasses  wfaidi  ire 
necessary  for  this  amplification. 

It  is  to  be  hoped  that  Dr  Blair  will  extend  his  Tiews  to 
glasses  of  difierent  compositions,  and  dins  gire  us  object- 
glasses  which  are  solid ;  for  those  composed  of  fluids  have 
iBOonvenienoes  which  will  hinder  them  from  coming  into 
general  use,  and  will  confine  them  to  the  museums  of  piu- 
losopbers.  We  imagine  that  antimonial  glasses  bid  fiur  to 
answer  this  purpose,  if  they  could  be  made  firee  of  cokwr, 
so  as  to  transmit  enough  of  light  We  recommend  tins 
dissertation  to  the  careful  perusal  of  our  readers.  ThoR 
who  have  not  made  themselves  much  acquainted  with  the 
delicate  and  abstruse  theory  of  aberrations,  will  find  it  ex- 
hibited in  such  a  popular  form  as  will  enable  them  to  un- 
derstand its  general  aim ;  and  the  well-informed  reader  will 
find  many  curious  indications  of  inquiries  and  discoYeries 
yet  to  be  made. 

We  now  proceed  to  consider  the  eye-glasses  or  glasses  of 
telescopes.  The  proper  construction  of  an  eye-jieoe  is  not 
less  essential  than  that  of  the  object-glass.  But  our  limits 
will  not  allow  us  to  treat  this  subject  in  the  same  detail 
We  have  already  extended  tiiis  article  to  a  great  length, 
because  we  do  not  know  of  any  performance  in  the  English 
language  which  will  enable  our  readers  to  understand  the 
construction  of  achromatic  telescopes ;  an  invention  which 
reflects  honour  on  our  country,  and  has  completed  the  dis- 
coveines  of  our  illustrious  Newton.  Our  readers  will  find 
abundant  information  in  Dr  Smith's  Optics  concerning  the 
chiefly  deduced  from  Huyghens's  fine  theory  of 
.-)-    At  the  same  time, .  we  must  again  pay  Mr 


we  thus  repeatedly  speak  of  the  theory  of  spherical  aber- 
flrom  Mr  Hufi^bsiiA,  'w^  xfiraoX  t»a  ^!is\x  ^^Vk^% doe 
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DaUond  the  merited  eompliiiieiit  of  Baying^  that  he  was  the 
first  who  made  any  scientific  application  of  this  theory- to 
the  compound  eye^pieoe  for  erecting  the  object     His  eye* 
pieces  ef  five  and  six  glasses  are  very  ingenious  reduplica* 
lions  of  Huyghens's  eye-piece  of  two  glasses,  and  would 
probably  have  superseded  all  others,  had  not  his  discovery 
of  adiromatic  object-glasses  caused  optioans  to  consider  the 
chromatic  dispersicm  with  more  attention,  and  pointed  out 
methods  of  correcting  it  in  the  eye*piece  without  any  eoni. 
pound  eye-glasses.      They  have  found  that  this  may  be 
more  oonveniently  done  with  four  eye-masses,  without  sen- 
nbly  diminishing  the  advantages  which  Huyghens  showed 
to  result  from  employing  many  small  refracticms  instead  of 
a  lesser  number  of  great  ones.    As  this  is  a  very  curious 
subject,  we  shall  give  enough  for  making  our  readers  fully 
acquainted  with  it,  and  content  ourselves  with  merely  men- 
tioning the  principles  of  the  other  rules  for  constructing  an 
eye-piece.      ' 

Such  readers  as  are  less  fiuniliarly  acquainted  with  opti- 
cal  discussions  will  do  well  to  keep  in  mind  the  fi>llowing 
consequences  of  the  genanl  focal  theorem : 

If  AB  (Fig.  14.)  be  a  lens,  R  a  radiant  point  or  &cus 
of  inddent  rays,  and  a  the  focus  of  parallel  rays  coming 
from  the  oj^osite  side ;  then. 


shsie  of  the  honour  of  it  to  Dr  Borrow  and  Mr  James  Gregory.  The 
first  of  these  authors^  in  his  Optical  Lectures  delivered  at  Cambridge^ 
has  given  every  proposition  which  is  employed  by  Huyghens^  and  has 
even  prosecuted  the  matter  much  further.  In  particular^  his  theory 
of  oblique  slender  pencils  is  of  immense  consequence  to  the  perfectKm 
Hi  telesoopes,  by  showing  the  methods  for  making  the  image  of  an  ex« 
tended  surfiioe  as  flat  as  possible.  Gregory,  too,  has  given  all  the 
ftmdamental  propositions  in  his  Optica  Promota.  But  Huyghens^  by 
taking  the  subject  together^  and  treating  it  in  a  system,  has  greatly 
simplified  it :  and  his  manner  of  viewing  the  principal  parts  of  it  is 
incomparably  more  perspicuous  than  the  performances  of  Barrow  and 
Grcgdiry. 


486  TSLSacovB. 

1.  Draw  the  pttpendicnlmr  aat  toiht  «Di»  Wffing  the 


inddent  ray  in  cfj  and  of  A'to  die  oenlreof  thelna.  The 
refracted  ray  BF  is  parallel  too'A:  ibrRe^:  a^A(s 
Ba:4iA)t=:rRB:BF(=  RA  :  AF),  which  is  the  fad 
theorem. 

8.  An  oblique  pendl  BF  b  proceeding  from  any  pobtP 
which  18  not  in  the  axia^  ia  collected  to  the  point  f,  when 
the  refracted  ray  BF  cuU  the  line  PA/*  drawn  from  F 
through  the  centre  of  the  lens:  for  P  a^icf  A=PB :  B/ 
whidi  is  also  the  focal  theorm. 

The  Galilean  telescope  is  susceptible  of  so  little  improve* 
meot,  that  we  need  not  employ  any  time  in  illustrating  ill 
performance* 

The  ample  astronomical  teleseqpe  is  represented  in  F!g« 
1&  The  beam  of  parallel  rays,  inclined  to  the  axi%  is  made 
to  caawerge  to  a  pcnnt  6,  where  it  forms  an  image  of  the 
lowest  point  of  a  veiy  distant  oligect.    These  rsyadecmait- 
ing  from  G  fail  on  the  eye-glass ;  the  ray  fix>m  the  lowest 
point  B  of  the  object-glass  falls  on  the  eye-glass  at  5 ;  and 
the  ray  from  A  falls  on  a ;  and  the  ray  from  tl^  centre  O 
falls  on  0.     These  rays  are  rendered  parallel,  or  nearly  so, 
by  refraction  through  the  eye-glass,  and  take  the  direction 
bifOlyau    If  the  eye  be  placed  so  that  this  pendLof  pa« 
rellel  rays  may  enter  it,  they  conyerge  to  a  point  of  the  re- 
tina, and  give  distinct  vision  of  the  lowest  point  of  the  ob- 
ject.    It  appears  inverted,  because  the  rays  by  which  we  see 
its  lowest  point  come  in  the  direction  which,  in  simple  vision, 
is  connected  with  the  upper  point  of  an  object     They 
come  from  above,  and  therefore  are  thought  to  proceed 
fkom  above.     We  see  the  point  as  if  situated  in  the  direc- 
tion I  o.     In  like  manner  the  eye  placed  at  I,  sees  the  upper 
point  of  the  object  in  the  direction  IP,  and  its  middle  in 
die  direction  IE.     The  proper  place  for  the  eye  is  I :  if 
it  much  nearer  the  glass,  or  removed  much  farther 
f  it,  some,  or  the  whole,  of  this  extreme  pendl  of  rays 
not  enter  the  pupil,    ll  \&  xhet^Cote  of  importance  to 
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determioe  thifl  point.  Because  the  eye  requires  parallel 
rays  for  distinct  visbn,  it  is  plain  that  F  must  be  the  prin* 
cipal  locus  of  the  eye-glass.  Therefore,  by  the  common 
focal  theorem  OF :  0£  =  0£:  OI,or  OF :  F£  =  OE:  EL 
The  magnifying  power  being  measured  by  the  magnitude 
of  the  visual  angle^  compared  with  the  magnitude  of  the 

visual  angle  with  the  naked  eye,  we  have  -7—-,  or  -7r=for 
^  oUjp        oUJb 

the  measure  of  the  magnifying  power.     This  is  very  nearly 

OE        OF 

or 


~  EI  '       FI- 

As  the  line  OE,  joining  the  centres  of  the  lenses,  and 
perpendicular  to  their  surfaces,  is  called  the  axis  of  the  tele* 
scope,  so  the  ray  OG  is  called  the  axis  of  the  oblique  pen- 
cil, being  really  the  axis  of  the  cone  of  light  which  has  the 
object-glass  for  its  base.*  This  ray  is  through  its  whole 
course  the  axis  of  the  oblique  pencil ;  and  when  its  course 
is  determined,  the  amplification,  the  field  of  vision,  the  aper- 
tures of  the  glasses^  are  all  determined.  For  this  purpose 
we  have  only  to  consider  the  centre  of  the  object-glass  as  a 
radical  pcnnt,  and  trace  the  process  of  a  ray  from  this  point 
through  the  other  glasses :  this  will  be  the  axis  of  some 
oblique  pencil. 

It  is  evident,  therefore,  that  the  field  of  vision  depends 
on  the  breadth  of  the  eycTglass.  Should  we  increase  this^ 
the  extreme  pencil  will  pass  through  I,  because  O  and  I  are 
still  the  conjugate  foci  of  the  eye-glass.  On  the  other  hand, 
the  angle  resolved  on  for  the  extent  or  field  of  vision  gives 
the  breadth  of  the  eye-glass. 

We  may  liere  observe,  by  the  way,  that  for  all  optical 
instruments  there  must  l^  two  optical  figures  considered. 
The  first  shews  the  progress  of  a  pencil  of  rays  coming  from 
one  point  of  the  object  The  various  focusses  of  this  pencil 
show  the  places  of  the  different  images,  real  or  virtual. 
Such  a  figure  is  formed  by  the  three  rays  AG  a  i\  OG  0  I, 
BGbi. 
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The  second  shows  the  progress  of  the  axes  of  the  diffienOt 
pencils  proceeding  through  the  centre  of  the  ohjectrglia. 
The  focusses  of  this  pendl  of  axes  show  the  phKses  wkre 
an  image  of  the  object-glass  is  formed  ;  and  this  pencil  de- 
termines the  field  of  visbn,  the  apertures  of  the  lensesi  tad 
the  amplification  or  magnifying  power.  The  three  skji 
06  0  I,  OFEI,  OHFI,  form  this  figure. 

See  also  fig.  34.  where  theprogressof  both  sets  of  pencili 
is  more  diversified. 

The  perfection  of  a  telescope  is  to  represent  an  olgect 
in  its  proper  shape,  distinctly  magnified,  with  a  great  field 
of  vision,  and  sufficiently  b^ght    But  there  are  limits  to 
all  these  qualities;  and  an  increase  of  one  of  them,  forthe 
most  part,  diminishes  the  rest.     The  bri^tness  depends  on 
the  aperture  of  the  object-glass,  and  will  increase  in  the 
same  proportion  (because  i  V  will  always  be  to  AB  in  the 
proportion  of  EF  to  FO),  till  the  diameter  of  the  emeq|cnt 
pendl  is  equal  to  that  of  the  pupil  of  the  eye.     Incressiog 
the  object-glass  any  more  can  send  no  more  light  into  the 
eye.     But  we  cannot  make  the  emergent  pendl  nearly  so 
large  as  this  when  the  telescope  magnifies  much ;  for  the 
great  aperture  of  the  object-glass  produces  an  indistinct 
image  at  GF,  and  indistinctness  is  magnified  by  the  eye- 
glass. 

A  great  field  of  vision  is  incompatible  with  the  true 
soape  of  the  object ;  for  it  is  not  strictly  true  that  all  rays 
flowing  from  O  are  refracted  to  I.  Those  rays  which  go 
to  the  margin  of  the  eye-glass  cross  the  axis  between  E 
and  I ;  and  therefore  they  cross  it  at  a  greater  angle  than 
if  they  passed  through  I.  Now  had  they  really  passed 
through  I,  the  object  would  have  been  represented  in  its 
due  proportions.  Therefore  since  the  angles  of  the  mar- 
ginal parts  are  enlarged  by  the  aberration  of  the  eye-glass, 
the  marginal  parts  themselves  will  appear  enlarged,  or  the 

}ect  appear    distorted.      Thus,   a  chess-board  viewed 
ugh  a  reading-glass  appears  drawn  out  at  the  oonier^ 
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and  tbe  iCnight  Unes  are  all  changed  into  cuiVeiiy  as  is  re- 
presented m  ug,  IB. 

The  circunistance  which  most  peremptorily  limits  the  ex- 
tent of  field  is  the  necessary  distinctness.  If  the  visi<m 
be  in^sdnct,  it  is  useless,  and  no  other  quality  can  com- 
pensate this  defect.  The  distortion  is  very  inconmderatte 
in  mudi  lai^r  angles  of  yision  than  we  can  admit,  and  b 
unworthy  of  the  attention  paid  to  it  by  optical  writers. 
They  have  been  induced  to  take  notice  of  it,  because  the 
means  of  correcting  it  in  a  considerable  degree  are  attain- 
able, and  afford  an  opportunity  of  exhibiting  their  know* 
ledge ;  whereas  the  indistinctness  which  accompanies  a  large 
field  is  a  subgcet  of  most  diflicult  discussion,  and  has  hithet^ 
to  baffled  all  their  ejflfbrts  to  express  by  any  intelligible  or 
manageable  iormute. 

This  subject  must,  however,  be  considered.  The  image 
at  6F  of  a  very  remote  olgect  is  not  a  plain  surface  per- 
pendicular to  the  axis  of  the  telescope,  but  is  nearly  spheri- 
cal, having  O  for  its  centre.  If  a  number  of  pencils  of  par- 
rallel  rays  crosang  each  other  in  I  faU  on  the  eye-glass, 
they  will  form  a  picture  on  the  opposite  side,  in  the  focus 
F.  But  this  picture  will  by  no  means  be  flat,  nor  nearly 
So,  but  very  concave  towards  E.  Its  exact  form  is  of  most 
difficult  investigation.  The  elements  of  it  are  given  by 
Dr  Barrow ;  and  we  have  given  the  chief  of  them  in  the 
article  Optics,  when  considering  the  foci  of  infinitely  slen- 
der pencils  of  oblique  rays.  Therefore  it  is  impossible  that 
the  picture  formed  by  the  object-glass  can  be  seen  distinct- 
ly  in  all  its  parts  by  the  eye-glass.  Even  if  it  were  flat, 
the  pcnnts  G  and  H  (Fig.  16.)  are  too  far  from  the  eye- 
glass when  the  middle  F  is  at  the  proper  distance  for  dis- 
tinct vision.  When,  therefore,  the  telescope  is  so  adjusted 
that  we  have  distinct  vision  of  the  middle  of  the  field,  in 
order  to  see  the  margin  distinctly  we  must  push  in  the  eye- 
glass :  and  having  so  done,  the  middle  of  the  field  becomes 
indistinct.    When  the  field  of  vision  exceeds  12  or  IS  do' 
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gieei»  it  is  not  potfiUe  by  any  oontrivaQoe  to  make  kto. 
lerably  distinct  all  over ;  and  we  must  turn  the  telooop 
suoceseively  to  the  different  parts  of  the  field  that  we  naj 
aee  them  agreeably. 

The  cause  of  this  indistinctness  is,  as  we  have  sbeidy 
said,  the  shortness  of  the  lateral  foci  of  lateral  and  Mtpa 
pencils  refracted  by  the  eye-glass.     The  ^y>"^nM?n  detenni- 
nation  of  these  is  not  oonqdete^  and  rejatea  only  to  thus 
rays  which  are  on  a  plane  pasang  through  the  axis  of  the 
lens.     But  the  oblique  pencil  bGro,  hy  which  sa  ejt 
placed  at  I  sees  thepointGof  theimage^iaaooneoffigb^ 
having  a  circular  base  on  the  eye-glass  ;  of  which  aidtab 
is  one  of  the  diameters.    There  is  a  diameter  perpendicttltr 
to  this,  which,  in  this  figure,  is  represented  by  the  pomt  o. 
Fig.  !?•  represents  the  base  of  the  cone  aa  seen  by  sn  eje 
placed  in  the  axis  of  the  telescope,  with  the  object^l&M  as 
ajqiearing  behind  it    Thepcnntiis  formed  by  arajiriucift 
comes  from  the  lowest  point  B  of  the  object-glas%  and  the 
point  a  is  illuminated  by  a  ray  from  A.     The  point  <  at 
the  right-hand  of  the  circular  base  of  this  cone  of  light  came 
from  the  point  C  on  the  left  side  of  the  object-glass ;  and 
the  light  comes  to  d  from  D.    Now  the  laws  of  optics  de* 
monstrate,  tliat  the  rays  which  come  throu^  the  points  c 
and  d  are  more  convergent  aftcv  refraction  than  the  rajs 
which  come  through  a  and  b.     The  analogies,  ther^xe^ 
which  ascertain  the  foci  of  rays  lying  in  the  planes  pasong 
through  the  axis  do  not  determine  the  foci  of  the  otherSi 
Of  this  we  may  be  sensible  by  looking  through  a  lens  to  a 
figure  on  which  are  drawn  conccntiic  circles  crossed  by 
radii.    When  the  telescope  is  so  adjitsted  that  we  see  dis- 
tinctly the  extremity  of  one  of  the  radii,  we  shall  not  see 
distinctly  the  circumference  which  crosses  the  extremity  jrith 
equal  distinctness,  and  vice  versa.     This  difference^  how- 
ever, between  the  fod  of  the  rays  which  come  through  a 
and  &,  and  those  which  come  through  c  and  i2,  is  not  oon- 
^eraUe  in  the  fields  of  vision/  which  are  othowise  ad- 
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nififiihle.  But  the  tane  difiisrenoe  of  fod  obtaini  alao  with 
respett  to  the  dispcnion  of  light,  and  is  more  remarkable. 
Botfi  d!Alembert  and  Euler  have  attempted  to  introduce 
it  into  their  fonnule ;  but  they  have  made  them  uaelefls 
fior  any  practical  purpoBC  by  their  inextricable  complication. 

This  must  flenre  as  a  general  indicatbn  of  the  difficulties 
wbich  occur  in  the  construction  of  telescopes,  even  although 
the  objectglass  were  perfect,  fonning  an  image  without  the 
smallest  oonftision  or  distortion. 

There  is  yet  another  difficulty  or  imperfection.  The 
imya  of  the  pendl  a  G  ft,  when  refracted  through  the  eye- 
gjbMs^  are  also  separated  into  their  component  cdours.  The 
edge  of  the  lens  must  evidently  perform  the  office  of  a  prism, 
and  the  white  ray  6i  will  be|K> dispersed  that  if  6 1"  be  the 
path  of  its  red  ray,  the  violet  ray,  which  makes  another 
part  of  it,  will  take  such  a  course  b  n  that  the  angle  i'bn 
will  be  nearly  /^th  c£Qbi'.  The  ray  6  a  passing  through 
a  part  of  the  lens  whose  surfisuxs  are  less  inclined  to  each 
other,  will  be  less  refracted,  and  will  be  less  dispersed  in  the 
same  proportion  very  nearly.  Therefore  the  two  violet  rays 
win  be  very  nearly  parallel  when  the  two  red  rays  are  ren- 
dered parallel. 

Hence  it  must  happen,  that  the  object  will  appear  bor- 
dered with  coloured  firinges.  A  black  line  seen  near  the 
mai^n  on  a  white  groun^  will  have  a  ruddy  and  orange 
border  on  the  outode  and  a  blue  border  within  :  and  this 
confusion  is  altogether  independent  on  the  object-glass  and 
it  ao  much  the  greater  as  the  visual  angle  b  IE  is  greater. 

Such  are  the  difficulties :  They  would  be  insurmount- 
able were  it  not  that  some  of  them  are  so  connected  that,  to 
a  certain  extent,  the  diminution  of  one  is  accompanied  by 
a  diminution  of  the  other.  These  curves  are  the  geometric 
cal  loci  of  the  fod  of  infinitely  slender  pencils.  Conse- 
quently the  point  G  is  veiy  nearly  in  the  caustic  formed  by 
a  beam  of  li^t  consisting  of  rays  parallel  to  I  o,  and  oc- 
cupying the  whcie  surfiwe  of  the  eye-gUss^  beca>Mie  Vb^ 
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pencil  of  rays  which  aie  collected  mt  Q  is  rtaj  sniH  laj 
thing  therefore  that  duninishes  the  mutnal  indinatiaiiQf 
the  adjoining  rays  puts  their  concourse  &rther  oC  Nov 
this  is  precisely  what  we  want :  for  the  point  6  of  the  im* 
age  formed  by  the  object-glass  is  already  beyond  the  facai 
of  the  oblique  slender  ipeaacd  of  parallel  rays  •  a  and  ii; 
and,  therefore,  if  we  could  make  this  iocas  go  a  little&N 
ther  from  a  and  6,  we  shall  bring  it  nearer  to  6,  andob- 
tain  more  distinct  vision  of  this  point  of  the  object  Not 
let  it  be  recollected,  that  in  moderate  refractions  thnugii 
prisms,  two  rays  which  are  inclined  to  each  other  in  a  soill 
angle  are,  after  refraction,  inclined  to  each  other  in  the  sune 
angle.  Therefore,  if  we  can  diminish  the  aberratkn  of  the 
ray  a  i,  or  o  I,  or  b  i',  we  diminish  their  mutual  incKnatiaQ; 
and  consequently  the  mutual  inclination  of  the  lays  6  a, 
G  o,  G  b\  and  therefore  lengthen  the  focus,  and  get  took 
distinct  vision  of  the  point  6.  Therefore  we  at  onoe  cor- 
rect the  distortion  and  the  indistinctness :  and  this  is  the 
aim  of  Mr  Huyghens^s  great  principle  of  dividing  the  re- 
fractions. 

The  general  method  is  as  follows :  Let  o  be  the  object- 
glass  (Fig.  19.)  and  E  the  eye-glass  of  a  tdesoope,  and 
F  their  common  focus,  and  FG  the  image  finrmed  by  the 
object-glass.     The  proportion  of  their  focal  distances  is 
supposed  to  be  such  as  ^ves  as  great  a  magnifying  power  as 
the  perfection  of  the  object-glass  will  admit.     Let  BI  be 
the  axis  of  the  emergent  pencil.     It  is  known  by  the  fiical 
theorem  that  G£  is  parallel  to  BI :  therefore  BG£  is  the 
whole  refraction  or  deflection  of  the  ray  OHB  from  its  fir- 
mer direction.     Let  it  be  proposed  to  diminish  the  abena- 
tions  by  dividing  this  into  two  parts  by  means  of  two  glasses 
D  and  ^,  so  as  to  make  the  ultimate  angle  of  visiimii^ 
equal  to  BI£,  and  thus  retain  the  same  magnifying  power 
and  visible  field.     Let  it  be  proposed  to  divide  it  into  the 
parts  BGC  and  CG£. 

From  G  draw  any  \M\e  GD  \a  Uve  aad&  towards  O;  and 
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draw  the  perpendienlar  DH,  cutting  OG  in  H ;  draw  H  c 
parallel  to  6C,  cutdng  GD  in  g ;  draw  ^y  perpendicular 
to  the  axis ;  and  ^^  paraDel  to  6E ;  draw  eb  perpendicu- 
lar to  the  asus;  draw  D  '  parallel  to  6C,  and  ^d  perpen- 
Ocular  to  the  axis. 

Then  if  there  be  placed  at  D  a  lens  whose  focal  distance 
isDdj  and  another  at  f ,  whose  focal  distance  is  ejl  the 
thing  is  done.  The  ray  OH  will  be  refracted  into  H  b, 
this  into  b  i  parallel  to  BI. 

The  demonstration  of  this  construction  is  so  evident  by 
means  of  the  common  focal  theorem,  that  we  need  not  re- 
peat it,  nor  the  reason  for  its  advantages.  We  have  the 
aame  magnifying  power,  and  the  same  field  of  vision ;  we 
have  less  aberration,  and  therefore  less  distortion  and  in- 
distinctness; and  this  is  brought  about  by  a  lens  HD  of  a 
smaUer  aperture  and  a  greater  focal  distance  than  BE. 
Consequently,  if  we  are  contented  with  the  distinctness  of 
the  mar^n  of  the  fidd  with  a  single  eye-glass,  we  may 
greatly  increase  the  field  of  vision :  for  if  we  increase  DH 
to  the  size  of  EB  we  shall  have  a  greater  field,  and  much 
greater  distinctness  in  the  margin ;  because  HD  is  of  a 
longer  focal  distance,  and  will  bear  a  greater  aperture,  pre- 
serving the  same  distinctness  at  the  edge.  On  this  ac- 
count the  glass  HD  is  commonly  called  the  Field^gkus. 

It  must  be  observed  here,  however,  that  although  the 
distortion  of  the  object  is  lessened,  there  is  a  real  distortion 
produced  in  the  image  fg.  But  this,  when  magnified  by 
the  glass  ^,  is  smaller  than  the  distortion  produced  by  the 
glass  E,  of  greater  aperture  and  shorter  focus,  on  the  un- 
distorted  image  GF.  But  because  there  is  a  distortion  in 
the  second  image/ g-,  this  construction  cannot  be  used  for 
the  telescopes  of  astronomical  quadrants,  and  other  graduat- 
ed instruments;  because  then  equal  divisions  of  the  micro- 
mefeer  would  ndt  correspond  to  equal  angles. 

But  the  same  construction  will  answer  in  this  cascy  by 
taking  the  point  D  on  that  side  of  F  whidi  \&  leoMte  Ivscsv 


^ 
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O  (Fig.  aO.)  This  is  the  form  now  iwpkiydi  m  Ik 
tdesoofpes  of  all  graduated  instnimait& 

The  exact  proportion  in  whkh  the  distortioo  ad  the  ii> 
distinctness  at  the  edges  of  the  field  are  dinumdndbj  tim 
construction,  depends  on  the  proportioa  in  which  die  aigk 
BGE  is  divided  by  GC ;  and  is  of  pretty  dificahiofBd. 
gation.  But  it  never  deviates  fin:  (never  i  m  optiol » 
struments)  frond  the  prcyportion  of  the  sqinreaof  thesngki 
We  may,  without  any  sen^ble  error,  suppose  H  in  tUipm* 
portion.  Thb  ^ves  us  a  practical  rule  of  easy  recoDec- 
tion,  and  of  most  extensive  use.  When  we  would  diatflidk 
an  aberration  by  dividing  the  whole  refraction  into  tie 
parts,  we  shall  do  it  most  effectually  by  makiag  thai 
equal.  In  like  manner,  if  we  divide  it  into  three  psrti  bj 
means  of  two  additional  glasses,  we  must  make  mA=^ 
of  the  whole ;  and  so  on  for  a  greater  number. 

This  useful  problem,  even  when  limited,  as  we  have 
done,  to  equal  refractions,  is  as  yet  indeterminate;  that  ia^ 
susceptible  of  an  infinity  of  solutions :  for  the  point  D, 
where  the  field-glass  is  placed,  was  taken  at  pleasure ;  yet 
there  must  be  situations  more  proper  than  others.  The 
aberrations  which  produce  distortion,  and  those  which  pro- 
duce indistinctness,  do  not  follow  the  same  proportions 
To  correct  the  indistinctness,  we  should  not  select  such  p^* 
sitions  of  the  lens  HD  as  will  give  a  small  focal  distance  to 
be;  that  is,  we  should  not  remove  it  yery  far  firan  F. 
Huyghens  recommends  the  proportion  of  3  to  1  for  thst  flf 
the  focal  distances  of  the  lens  HD  and^  6,  and  says  thl 
the  distance  I>e  should  be  =  2  F  ^.  This  putsjftoo  near 
to  HD,  and  thus  shows  the  dust  on  HD.  This  will  mske 
ei  =  ie¥j  and  will  divide  the  whole  refraction  into  two 
equal  parts,  as  any  one  will  readily  see  by  constructing  At 
common  optical  figure.  Mr  Short,  the  celebrated  improver 
of  reflecting  telescopes,  generally  employed  thia  pitqiortian; 

I 

and  we  shall  presently  see  that  it  is  a  very  good  tme. 
It  has  been  ahcadv  cAonenedi,  idMl^ikft  fjcaifc  vefrictuiai 
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which  tike  place  on  the  eje^glasses  oceanon  very  conrider- 
able  dispersions^  and  disturb  the  vision  by  fringing  every 
.  thing  ^th  colours.  To  remedy  this,  achromatic  eye-masses 
may  be  employed,  constructed  by  the  rules  already  deliver- 
ed. TIus  oonstmction,  however,  is  incomparably  more  in- 
tricate than  that  of  object-glasses :  for  the  equations  must 
involve  the  distance  of  the  radiant  point,  and  be  more  com- 
plicated r  and  this  complicatioa  is  immensely  increased  on 
account  of  the  great  obliquity  of  the  pencils. 

Most  fortunately  the  Huygfaenian  construction  of  an  eye- 
jiece  enables  us  to  correct  this  dispersion  to  a  great  degree  of 
exactness.  A  heterogeneous  ray  is  dispersed  at  H,  and  the 
ved  ray  belonging  to  it  /alls  on  the  lens  fr  ^  at  a  greater 
distance  from  the  centre  than  the  violet  ray  coming  from 
H.  It  will  therefore  be  less  refracted  (caeierig paribus)  by 
the  lens  i  e ;  and  it  is  possiUe  that  the  difference  may  be 
such  that  the  red  and  violet  rays  dispersed  at  H  may  be 
rendered  parallel  at  fr,  or  even  a  little  divergent,  so  as  to 
unite  accurately  with  the  red  ray  at  the  bottom  of  the  eye. 
How  this  may  be  effected,  by  a  proper  selection  of  the 
places  and  figures  of  the  lenses,  will  appear  by  the  follow- 
ing proposition,  which  we  imagine  is  new  and  not  inele- 
gant: 

Let  the  compound  ray  OP  (Fig.  21)  be  dispersed  by 
the  lens  PC ;  and  let  PV,  PR  be  its  violet  and  red  rays, 
cutting  the  axis  in  6  and  g.  It  is  required  to  place  an- 
other lens  RD  in  theur  way,  so  that  the  emergent  rays  R  r, 
V 1^  shall  be  parallel 

Produce  the  inddent  ray  OP  to  Z.     The  angles  ZPR, 

ZPR\ 
ZPV,  are  given,  (and  RP V  b  nearly  =  —^=-  j  and  the  in- 

tettecticms  G  and  g  with  the  axis.  Let  F  be  the  focus  of 
parallel  red  light  coming  through  the  lens  RD  in  the  op 
posite  direction.  Then  (by  the  onnmon  optical  theorem), 
the  perpendUcular  F  e  will  cut  PR  in  sudi  a  pouit  ^  that 
i  F  will  be  parallel  to  the  emergent  ray  Rr  ami  \a  N  »« 
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Therefore  if  e  D  cut  P  V  inn,  and  uf  be  dxmwn  perpendi- 
cular to  the  axis,  we  shall  have  (also  by  the  common  theo- 
rem) the  point/ for  the  focus  of  violet  rays,  and  DF :  D/ 
=  D  f :  D  tf  =  28 :  27  nearly,  in  a  given  ratio. 

The  problem  is  therefore  reduced  to  this :  <<  To  draw 
from  a  point  D  in  the  line  C6  a  line  D  e,  which  shall  be 
cut  by  the  lines  PR  and  PV  in  the  given  ratio. 

The  following  construction  naturally  offers  itself:  Make 
6M  :  ^  M  in  the  given  ratio,  and  draw  MK  parallel  to  P  g. 
Through  any  point  D  of  CG  draw  the  straight  line  PDE, 
cutting  MK  in  E.  Join  GE,  and  draw  D  e  parallel  to  EG. 
This  will  solve  the  problem ;  and,  drawing  e  F  perpendicu- 
lar to  the  axis,  we  shall  have  F  for  the  focus  of  the  lens 
BD  for  parallel  red  rays. 

The  demonstration  is  evident;  for  ME  being  parallel  to 
P^,  wehaveGM:^M  =  GE:HE,  ==:eD,  :  uD=:FD 
:y  D,  in  the  ratio  required. 

This  problem  admits  of  an  infinity  of  solutions ;  because 
the  point  D  may  be  taken  any  where  in  the  line  C6.  It 
may  therefore  be  subjected  to  such  conditions  as  may  pro- 
duce other  advantages. 

1.  It  may  be  restricted  by  the  magnifying  power,  or  by 
the  division  which  we  choose  to  make  of  the  whole  refrac- 
tion which  produces  this  magnifying  power.  Thus,  if  we 
have  resolved  to  diminish  the  aberrations  by  making  the 
two  refractions  equal,  we  have  determined  the  angle  R  r  D. 
Therefore  draw  GE,  making  the  angle  MGE  equal  to  that 
which  the  emergent  pencil  must  make  vnth  the  axis,  in 
order  to  produce  this  magnifying  power.  Then  draw  ME 
parallel  to  P^,  meeting  GE  in  E.  Then  draw  PE,  cut- 
ting the  axis  in  D,  and  D  ^  parallel  to  GE,  and  ^  F  per- 
pendicular to  die  axis.  D  is  the  place,  and  DF  tlie  focal 
distance  of  the  eye-glass. 

2.  Particular  circumstances  may  cause  us  to  fix  on  a  par- 
ticular place  D,  and  we  only  want  the  focal  distance.  In 
this  case  the  first  construction  suffices. 
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&  We  mqr  bife  detendned  on  a  itttain  focal  dis- 
lanoeDF,  and  tbe  place  must  be  detennined.  In  this 
caselet 

GF:Ff»=l:tmG 

fu:fg^tm.g:l 
theb         6F:y*^=tan.f  :mtan.  6 
ibeaGV^fgi  6F  V  tan.  j^— m  tan.  G :  tan.  g 
or    G^+P/:  6Fc=="lan.  g^-^«tan.  6:  tan.^; 

ten*  £*  •■  •    * 

fixce  given,  and  the  place  of  F  is  determined ;  atid  since  FD 
IP  given  by  suppo^tion,  D  is  determined. 

The  application  of  this  problem  to  our  purpose  is  diffi* 
cult,  if  we  tak6  it  in  the  most  gaieral  terms ;  but  the  na« 
tuie  of  the  thing  makes  such  limitations  that  it  becomes 
very  easy*  In  the  case  of  the  dispersbn  of  light,  the  angle 
GP^  is  so  small  that  MK  may  be  drawn  parallel  to  PG 
without  any  sensible  error.  If  the  ray  OP  were  parallel  to 
CG,  then  G  would  be  the  focus  of  the  lens  PC,  and  the 
point  M  would  fall  on  C  ;  because  the  focal  distance  of  red 
rays  is  to  that  of  violet  rays  in  the  same  proportion  for  every 
lens,  and  therefore  CG :  Cg  =  DF  :  D/1  Now,  in  a  tele* 
BGOpe  which  magnifies  considerably,  the  angle  at  the  object- 
glass  is  very  small,  and  CG  hardly  exceeds  the  focal  dis- 
taooe ;  and  CG  is  to  C^  very  nearly  in  the  same  proportion 
of  28  to  27.  We  may  therefore  draw  through  C  (Fig. 
21.)  a  line  CK  parallel  to  PG :  then  draw  GK'  perpendi- 
cular to  the  axis  of  the  lenses,^  and  join  PK' ;  draw  K'BE 
parallel  to  CG,  cutting  PK  in  B ;  draw  BHI  parallel  to 
GK,  cutting  GK'  in  H  :  Join  HD  and  PE.  It  is  evident 
that  CG  is  Insected  in  F,  and  that  KB  :;=  2F'D:  also 
k'H:  HG  =:  KB :  BE,  ==  CD  .  DG.  Therefore  DU  U 
parallel  to  CK',  or  to  PG.  But  because  PF'  =  FK'» 
PD  is  =  DB,  and  IH  =  HB.  Therefore  ^D  =HB»and 
Vol.  IIL  2  1 
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FD  =z  K'B|  =  2  F'D ;  and  FD  is  Ixaected  niF'.   Then- 

r      r.^     CG+FD 

fore  CD  = J . 

That  is,  in  order  that  the  eye-glass  RD  may  coRMtthe 
dispersion  of  the  field-glass  PC,  the  distance  between  Am 
must  be  equal  to  the  half  sum  of  their  Jbcal  distances  very 
nearly.  More  exacdy,  the  distance  between  ihem  masi  Is 
equal  to  the  half  sum  of  ihejbcal  distance  of  the  eye-gbut^ 
and  the  distance  at  which  the  Jield^lass  would  Jbrm  m 
image  of  the  object-glass*  For  the  point  G  is  the  focus  to 
which  a  ray  coming  from  the  centre  of  the  object-gUas  is 
refracted  by  the  field-glass. 

This  is  a  very  simple  solution  of  this  important  probkin. 
Huyghens's  eye-piece  corresponds  with  it  exactly.  If  in- 
deed the  dispersion  at  P  is  not  entirely  produced  by  there- 
fraction,  but  perhaps  combined  with  some  previous  disper- 
sion, the  point  M  (Fig.  21.)  will  not  coincide  with  C, 
(Fig.  22.),  and  we  shall  have  GC  to  GM,  as  the  natural 
dispersion  at  P  to  the  dispersion  which  really  obtains  there. 

rw,L.              ,               ,                             CG+FD 
This  may  destroy  the  equation  =  ^ . 

Thus,  in  a  manner  rather  unexpected,  have  we  fireedthe 
eye-glasses  from  the  greatest  part  of  the  effect  of  dispersion. 
We  may  do  it  entirely  by  pushing  the  eye-glass  a  little 
nearer  to  the  field-glass.  This  will  render  the  violet  rays  a 
little  divergent  from  the  red,  so  as  to  produce  a  perfect 
picture  at  the  bottom  of  the  eye.  But  by  doing  so  we 
have  hurt  the  distinctness  of  the  whole  picture,  because 
F  is  not  in  the  focus  of  RD.  We  remedy  this  by  draw- 
ing both  glasses  out  a  little,  and  the  telescope  is  made  per- 
fect. 

This  improvement  cannot  be  applied  to  the  construction 
of  quadrant  telescopes,  such  as  Fig.  20.  Mr  Ramsden 
has  attempted  it,  however,  in  a  very  ingenious  way,  which 
merits  a  place  here,  and  is  also  instructive  in  another  way. 
The  field-glass  HD  (Fig.  SO.)  is  a  plano-convex,  with  iu 
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jiane  ade  next  the  imi^  GF.  It  is  placed  very  near 
ioM^  The  oonaequeiioe  of  thb  ditpodtion  is,  that  the 
image  6F  produces  a  vertical  image  gf,  which  is  much  less 
ooQveiL  towards  the  glass.  He  then  places  a  lens  on  the 
pcnnt  C^  where  the  red  ray  would  cross  the  ax'is.  The  vio- 
let ray  will  pass  on  the  other  nde  of  it.  If  the  focal  dis- 
tance of  this  glass  bey*c,  the  vitton  will  be  distinct  and  free 
from  colour.  It  has,  however,  the  inoonveniency  of  oblig- 
ing the  eye  to  be  dose  to  the  glass,  which  is  very  trouUe- 
some. 

This  would  be  a  good  construction  for  a  magic-lantern, 
or  for  the  object-glass  of  a  solar  microscope,  or  indeed  of 
any  compound  microscope. 

We  may  presume  that  the  r^er  is  now  pretty  familiar 
with  the  different  circumstances  which  must  be  conudered 
in  the  construction  of  an  eye-j»ece,  and  proceed  to  conader 
those  which  must  be  employed  to  erect  the  object. 

This  may  be  done  by  placing  the  lens  which  receives  the 
light  from  the  object-glass  in  such  a  manner,  that  a  second 
image  (inverted  with  respect  to  the  first)  may  be  formed 
beyond  it,  and  this  may  be  viewed  by  an  eye-glass.  Such 
a  construction  is  represented  in  Fig.  ^.  But,  besides  many 
other  defects,  it  tinges  the  object  prodigiously  with  colour. 
The  ray  o  d  is  dispersed  at  d  into  the  red  ray  d  r,  and  the 
violet  dVf  V  being  farther  from  the  centre  than  r,  the  re- 
fracted ray  v  tf  crosses  r  r^  both  by  reason  of  spherical  aber- 
ration, and  its  greater  refrangibility. 

But  the  common  day  telescope,  invented  by  F.  Bhdta, 
has,  in  this  respect,  greatiy  the  advantage  of  the  one  now 
described.  The  rays  of  compound  light  are  dispersed. 
The  violet  ray  falls  without  the  red  ray,  but  is  ac- 
curately collected  with  it  at  the  focus  as  we  shall  de- 
monstrate by  and  by'.  Since  they  cross  each  other,  the 
violet  ray  must  fall  within  the  red  ray,  and  be  less  re- 
fracted than  if  it  had  fallen  on  the  same  point  with  the 
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red  ray.  Had  it  fallen  there  it  would  have  separated  fiom 
it ;  but  by  a  proper  diminution  of  its  refraction,  it  is  kept 
parallel  to  it,  or  nearly  60.  And  this  is  one  exceUenee  of 
this  telescope;  when  constructed  with  three  eye-^asBes 
perfectly  equal,  the  colour  is  sensibly  dimiDisbed,  and  by 
using  an  eye-glass  somewhat  smaller,  it  may  be  remo?ed 
entirely.— We  say  no  more  of  it  at  present,  because  we  shall 
find  its  construction  included  in  another,  which  is  still  more 
perfect. 

It  is  evident  at  first  sight  that  this  telescope  may  be 
improved,  by  substituting  for  the  eye-glass,  the  Huy^e- 
nian  double  eye>glass,  or  field-glass  and  eye-glass  repre* 
sented  in  Fig.  19.  and  Fig.  20 ;  and  that  the  first  of  these 
may  be  improved  and  rendered  achromatic     This  will 
require  the  two  glasses  ej^andgh  to  be  increased  from 
their  present  dimensicms  to  the  size  of  a  field-glass,  suited 
to  the  magnifying  power  of  the  telescope,  supposing  it  an 
astronomical  telescope.     Thus  we  shall  have  a  telescope  of 
four  eye-glasses.     The  three  first  will  be  of  a  connderable 
focal  distance,  and  two  of  them  will  have  a  common  focus 
At  6.     But  this  is  considerably  different  from  the  eye-piece 
of  four  glasses  which  are  now  used,  and  are  far  better.  We 
are  indebted  for  them  to  Mr  DoUond,  who  was  a  mathema- 
tician as  well  as  an  artist,  and  in  the  course  of  his  research 
discovered  resources  which  had  not  been  thought  of     He 
had  not  then  discovered  the  achromatic  object-glass,  and 
was  busy  in  improving  the  eye-glasses  by  diminishing  their 
spherical  aberration.     His  first  thought  was  to  make  the 
Huyghenian  addition  at  both  the  images  of  the  day  tele- 
scope.    This  suggested  to  him  the  following  eye-piece  of 
five  glasses. 

Fig.  24.  represents  this  eye-piece,  but  there  is  not  room 
for  the  object-glass  at  its  proper  distance.  A  pencil  of 
riays  coming  from  the  upper  point  of  the  object  is  made  to 
converge  (by  the  object-glass)  to  G,  where  it  would  form 
a  picture  of  that  part  of  the  object.     But  it  is  intercepted 
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bj  the  hoB  A  a,  and  its  axis  is  bent  towards  the  axis  at 
the  telescope  in  the  diiectbn  a  b.  At  the  same  time,  the 
rays  wluch  oonverged  to  G  converge  to  gy  and  there  is 
fonned  an  inverted  picture  of  the  object  at  gf.  The  axis 
of  the  pencil  is  again  refracted  at  b,  crosses  the  axis  of  the 
telescope  in  H>  is  refracted  again  at  c,  at  d,  and  at  e^  and 
at  last  crosses  the  axis  in  I.  The  rays  of  this  pencil,  dU 
yerging  fix»n  g,  are  nuide  less  diverging,  and  proceed  as  if 
they  came  from  g",  in  the  line  B gg".  The  lens  c  C  causes^ 
them  to  converge  to  g\  in  the  line  G"  C  g .  The  lens  d  D 
makes  them  converge  still  more  to  G" ,  and  there  they  form 
an  erect  picture  G"  V" ;  divergmg  from  G*',  they  are  ren- 
dered parallel  by  the  refraction  at  e. 

At  H  the  rays  are  nearly  parallel.  Had  the  glass  B  b^ 
been  a  little  farther  from  A»  they  would  have  been  accu* 
rately  so^  and  the  object-glass,  with  the  glasses  A  and  B,. 
would  have  formed  an  astronomical  telescope  with  the  Huy- 
ghenian  eye-piece.  The  glasses  C,  D,  and  E»  are  intended 
merely  for  bending  the  rays  back  again  till  they  again  cross 
the  axis  in  I.  The  glass  C  tends  chiefly  to  diminish  the 
great  angle  BHb ;  and  then  the  two  glasses  D  and  E  arc 
another  Huyghenian  eye-piece. 

The  art  in  this  construction  lies  in  the  proper  adjustment 
of  the  glasses,  so  as  to  divide  the  whole  bending  of  the  pen* 
cil  pretty  equally  among  them,  and  to  form  the  last  image 
in  the  focus  of  the  eye-glass,  and  at  a  proper  distance  from, 
the  other  glass.  Bringing  B  dearer  to  A  would  bend  the 
pencil  more  to  the  axis.  Placing  C  farther  from  B  would 
do  the  same  thing ;  but  this  would  be  accompanied  with 
more  aberration,  because  the  rays  would  fall  at  a  greater 
distance  from  the  centres  of  the  lenses.  The  greatest  bend- 
ing is  made  at  the  field-glass  D ;  and  we  imagine  Uiat  the 
tdescope  would  be  improved,  and  made  more  distinct  at  the 
edges  of  the  field,  by  employing  another  glass  of  great  focal 
distance  between  C  and  D- 

Thcre  is  an  image  formed  at  H  of  the  ol)ject-|^asses,  and 
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the  whcde  light  ptflses  through  aoiisIldrdeifclliiilHi' 

It  is  uboaI  to  put  a  plate  here  pievoed  with  ahofeiAielilv 
the  diametar  of  this  image.  A  second  image  of  tfeoigeet- 
glasB  is  fonned  at  I,  and  indeed  wherever  the  poMSicroBi 
the  axis.  A  lens  placed  at  H  makes  do  change  in  anj  of 
the  angles,  nor  in  the  magmfying  power,  and  aiectsonlj 
the  place  where  the  images  are  fcxmed.  And,  oo  theodxr 
hand,  a  lens  placed  at/,  or  F',  where  a  real  image  isfixn> 
ed,  makes  no  change  in  the  places  of  the  images,  butafidi 
the  mutual  inclination  of  the  pendls.  Tina  affiards  a  is- 
aouroe  to  the  artist,  by  which  he  may  combine  pnpotiei 
irfiich  seem  incompatible. 

The  aperture  of  A  determines  the  visible  fidd  andiDdie 
other  apertures. 

We  must  avmd  forming  a  real  image,  audi  asy^,  tf 
F'  6*,  on  cor  very  near  any  glass.  For  we  cannot  seedv 
image  without  seeing  along  with  it  every  partide  of  dmt 
and  every  scratch  on  the  glass.  We  see  them  as  making 
part  of  the  object  when  the  image  is  exactly  on  die  glass, 
and  we  see  them  omfusedly,  and  so  as  to  confuse  the  ob- 
ject, when  the  image  is  near  it  For  when  the  image  is  on 
or  very  near  any  glass,  the  pencil  of  light  occupies  a  very 
small  part  of  its  surface,  and  a  partide  of  dust  mterccpte  a 
*  great  proportion  of  it. 

It  is  plain  that  this  construction  will  not  do  for  the  tde- 
scope  of  graduated  instruments,  because  the  micrometer  csn- 
not  be  applied;.to^the  second  image  fg^  on  account  of  its 
bdng  a  little  distorted,  as  has  been  observed  of  the  Hujghe- 

nian  eye-piece. 

Also  the  interporition  of  the  glass  C  makes  it  diflBcuh  to 

correct  the  disperaon. 

By  proper  reasomng  from  the  correction  in  the  Huyghe- 

Bian  eye-inece,  we  are  led  to  the  best  construction  of  one 

^  with  three  glawes,  wluch  we  shall  now  consider,   takingit 

in  a  particular  form,  which  shall  make  the  discussion  easyt 

||L       jaiA  make  us  fully  masters  of  the  principles  which  lead  toa 
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bMerfinm.  Therefore  let  PA  (Fig.  25.)  be  the  glass  which 
first  KoeiYes  the  light  proceeding  from  the  image  formed  by 
the  oligectf  lass,  and  let  OP  be  the  axis  of  the  extreme  pen- 
ciL  This  is  refracted  into  PR,  which  is  again  refracted 
into  R  r  by  the  next  lens  B  r.  Let  b  be  the  focus  of  pa- 
rallel rays  of  the  second  lens.  Draw  PB  r.  We  know  that 
A  5  :  ft  B  =  PB :  B  r,  and  that  rays  of  one  kind  diverging 
from  P  will  be  collected  at  r.  But  if  PR,  PV  be  a  red 
and  a  violet  ray,  the  violet  ray  will  be  more  refracted  at  V, 
and  will  cross  the  red  ray  in  some  intermediate  point  g  of 
the  Une  R  r.  If  therefore  the  first  image  had  been  formed 
predsely  on  the  lens  PA,  we  should  have  k  second  image  at 
/g  free  from  all  coloured  fringes. 

If  the  refractions  at  P  and  R  are  equal  (as  in  the  common 
day  telescope),  the  dispersion  at  V  must  be  equal  to  that  at 
P,  or  the  angle  r;  V  r  =  VPR.  But  we  have  ultimately 
RPV  :  Br  V  =  BC  :  AB,  (=  B*  :  Aft  by  the  focal  theo- 
rem).  Therefore  gW  r  :  grV  (prgr  :  gWj  or  Cf'.fB) 
=  B  ft :  A  ft,  and  AB :  Aft  =  R  r :  Rg-. 

This  shows  by  the  way  the  advantage  of  the  common  day 
telescope.  In  this  AB  z=  2  A  ft,  and  therefore/  is  the  place 
of  the  last  image  which  is  free  from  coloured  fringes.  But 
this  image  will  not  be  seen  free  from  coloured  fringes  through 
the  eye-glass  C  r,  ify  be  its  focus :  For  had  gr,  gv  been 
both  red  rays,  they  would  have  been  parallel  after  refrac- 
tion ;  but  g  V  being  a  violet  ray,  will  be  more  refracted.  It 
will  not  indeed  be  so  much  deflected  from  parallelism  as  the 
violet  ray,  which  naturally  accompanies  the  red  ray  to  r, 
because  it  falls  nearer  the  centre.  By  computation  its  dis- 
pernon  is  diminished  about  \th. 

In  order  that  g  v  may  be  made  parallel  to  g  r  after  re- 
firaction,  the  refraction  at  r  must  be  such  that  the  disper- 
sion corresponding  to  it  may  be  of  a  proper  magnitude. 
How  to  determine  this  is  the  questbn.  Let  the  dispersion 
at  g  be  to  the  dispersion  produced  by  the  refraction  at  r 
(which  is  required  for  producing  the  intended  magnifying 
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pawer)ailtoa  Make9  :  ls»J!/t  :/*<3,eq^lGI)^ 
and  draw  the  perpendiciilar  D f^  meeting  the  wtimMwj 
rr*  in  f^.  Then  we  know  bj  the  onmmnn  fbeil  dNomi^ 
that  iff  be  the  focus  of  the  ^lens  C  r,  red  njs  dimgii^ 
from  g  will  be  united  in  i^.  But  the  vicdet  zay  ^ 9in&be 
xe&icted  into  v  xf  parallel  to  r  r*.  For  the  ai^le  vf'r : 
9fr=:(ultimatel7)/C:CD,  — 9:1.  Thcrefofetheai^ 
9  r  r  is  equal  to  the  diqperaon  prodooed  at  r^  and  thcmi 
fore  equal  Xx^^vxt^  and  v «r  is  parallel  to  rr^ 

But  by  this  we  have  destroyed  the  distinct  visioo  of  da 
image  formed  aty^,  because  it  is  no  bnger  at  the  focusrf 
th^  eye-glass.  But  distinct  vision  will  be  restored  bjrpmk 
ing  the  glasses  nearer  to  the  olgect-glass.  This  maka  the 
rajrsofeach  particular  pencil  more  divergent  after  rcfae- 
tion  throu^  A,  but  scarcely  makes  any  change  in  the  di« 
rections  of  the  pencils  themselves.  Thus  the  image  coma 
to  the  focusy^,  and  makes  no  senaUe  diange  in  the  dii- 
persions. 

In  the  common  day  telescope,  the  first  image  is  foraied 
in  the  anterior  focus  of  the  first  eye-glass,  and  the  second 
image  is  at  the  anterior  focus  of  the  last  eye-glass.  If  we 
change  this  last  for  one  of  half  the  focal  distance,  and  push 
in  the  eye-piece  till  the  image  formed  by  the  objecUglaas 
is  half  way  between  the  first  eye-glass  and  its  focus,  the 
last  image  will  be  formed  at  the  focus  of  the  new  qre- 
g^ass,  and  the  eye-piece  will  be  achromatic.  This  is  eaaly 
seen  by  making  the  usual  computations  by  the  focal  tbe^- 
nfsm.  But  the  visible  field  b  diminished,  because  we  caoo 
not.  give  the  same  aperture  as  before  to  the  new  cye-g^ass; 
but  we  can  substitute  for  it  two  eye-glasses  like  the  former, 
placed  close  together.  This  will  have  the  same  fi3cal  dbs- 
taaoe  with  the  new  one,  and  will  allow  the  same  ap^ture 
that  we  had  before.  ' 

On  these  principles  may  be  demonstrated  the  correctiion 
:  jttdour  in  eye-pieces  with  three  glasses  t£  the  following 
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Lfl  dMifbuMt  A  aad  B^be  jdaoed  so  that  the  pnileriar 
fixsus  cf  the  fint  aendy  coincides  with  the  anterior  focus  of 
the  aeeoiidy  or  rather  eo  that  the  anterior  fociu  of  B  maj 
be  at  the  place  where  the  image  of  the  objecUglasa  U  fotm- 
edy  by  which  ntuation  the  apertibe  necessary  for  tnunsmit* 
ting  the  whole  light  will  be  the  smallest  possible.  Place  the 
third  C  at  a  distance  from  the  second,  which  exceeds  the 
Bum  of  theiir  focal  distances  by  aqpacewhich  isa  thirdpio> 
portkmal  to  the  distance  of  the  first  and  second,  and  the  fo^ 
eal  distance  of  the  second.  The  distance  of  the  first  eye- 
glass from  the  object-glass  must  be  equal  to  the  product  of 
the  focal  distance  of  the  first  and  second  divided  fay  their 
aum. 

Let  O  o,  A  a,  B  &,  C  c,  the  focal  distances  of  the 
glasses,  be  O,  0,  &,  c.    Then  make  AB  =:  a  +  i  neaily ; 

B  C  =  i  +  c  +  r^— ;  O  A  =  rr*'     Th®  amplification 
or  magnifying  power  will  be  =  ;   the  equivalent 

eye-glass  =  — r— ;   and  the  field  of  vision  =  8438'  x 

Aperture  of  A 
foe  dist  ob.  gL' 

These  eye-pieces  will  admit  the  use  of  a  micrcmieter  at 
the  place  of  the  first  image,  because  it  has  no  distortion. 

Mr  Dollond  was  anxious  to  combine  this  achromatism  in 
the  eye*pieces  with  the  advantages  which  be  had  found  in 
the  eye-peces  with  five  glasses.  This  eye-piece  of  three 
passes  necessarily  has  a  very  great  refraction  at  the  glass 
B^  where  the  pencil  which  has  come  from  the  other  ode  of 
the  aous  must  be  rendered  again  convergent,  or  at  least  pa- 
rallel to  it  This  occarions  conuderable  aberrations.  Thb 
may  be  avmded  by  giving  part  oS  this  refnustion  to  a  g^ass 
pat  between  the  first  and  second,  in  the  same  way  as  he 
hea  done  by  the  glass  B  put  between  A  and  C  in  his  five* 
glass  eye-{nece.    But  this  deranges  the  whole  process.  His 
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ingenuity,  however,  sunniMmted  tfaii  diflbld^aiikeMii 
eye-pieoes  of  four  glasses,  whidi  seem  m  poEfiBfltSMni k 
deozed.  He  has  not  publkbedhk  ingenkras  inwrfyfiia; 
and  we  observe  the  London  artists  work  Terj  audi  tt  nun- 
dqpn,  probably  copying  the  proportiona  of  aome  cf  Uibert 
glasses,  without  understanding  the  priodpley  and  dKRCm 
fiequently  mistaking.  We  see  many  ejre-pieoes  whichaRi 
far  from  being  achromatic.  We  imagine^therefive^distit 
will  be  an  acceptable  thing  to  the  artists  to  have  precise  ii- 
structions  how  to  proceed,  nothing  of  thia  kind  haviiigip 
peared  in  our  language,  and  the  investigations  of  Eok^ 
lyAlembert,  and  even  Boscovich,  being  ao  abstruse  is  to 
be  inaccessible  to  all  but  experienced  analysts.  We  hope 
to  render  it  extremely  simple. 

It  is  evident,  that  if  we  make  the  rays  of  di£ferent  cokxni 
unite  on  the  surfisuse  of  the  last  eye-glass  but  one^  oommcsk- 
ly  called  tbejleld-gbusy  the  thing  will  be  done,  becsosethe 
disperfflon  from  this  point  of  union  will  then  unite  with  the 
dispersion  produced  by  this  glass  alone ;  and  this  increased 
dispersion  may  be  corrected  by  the  last  eye-glass  in  thewaj 
already  shown. 

Therefore  let  A,  B  (Fig.  26.)  be  the  stations  wfaicfa  we 
have  fixed  on  for  the  first  and  second  eye-glasses,  in  order 
to  ^ve  a  proper  portion  of  the  whole  refraction  to  the  se- 
cond glass.  Let  b  be  the  anterior  focus  of  B.  Draw  PBf 
through  the  centre  of  B.  Make  A  &  :  ft  B  =  AB :  BK. 
Draw  the  perpendicular  K  r,  meeting  the  refracted  rty  in 
r.  We  know  by  the  focal  theorem,  that  red  rajrs  diveqf- 
ing  from  F  will  converge  to  r ;  but  the  violet  ray  PV,  be- 
ing more  refracted,  will  cross  R  r  in  some  point  g.  Draw- 
ing the  perpendiculary*^,  we  gety*for  the  pn^per  place  of 
the  field-glass.  Let  the  refracted  ray  R  r,  {nroduced  badc- 
wards,  meet  the  ray  OF  coming  from  the  centre  of  the  ob- 
ject-glass in  O.  Let  the  angle  of  dispersion  RPV  be  call- 
ed p,  and  the  angle  of  dispersion  at  V,  that  is,  r  V  v,  be  v, 
and  the  angle  VrR  be  r. 
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It  is  erideiit  that  OR :  OP  =p :  Vf  because  the  disper- 
810I1S  are  proportional  to  the  sines  of  the  refractions,  whieh^ 
in  this  case,  are  very  nearly  as  the  refractions  themselves. 

Let^(or^orf|)ben.ade  =  «.    Thea.= 

Ab 
fnp ;  also/? :  r  =  BK :  AB,  =  6  B  :  A  6,  and  r  =/?.    -jr?, 

or,  making  wr  =  w,  r  =  np  ;  therefore  v\r  =zm\ny=i 
6B  =  6B'=^^  =  ^** 


The  angle  RgV  z=  g\ r  -^ gr\  =  p.  m  +  n ;  and 
BgV:Rr»  =  Rr:R^,  or«i  +  n:n  =  Rr:Rg,  and 

iB       AB      ^.       _       ^  AB  n  AB 

Therefore  Rg=  X 


A^         n   '  ®  n        m  +  n      m+n* 

andB/=^^. 

AB 

This  value  of  By  is  evidently  =  J  B  x      ^^      ^  . . 

Now  b  B  being  a  constant  quantity  while  the  glass  B  is  the 

AB 

same,  the  place  of  union  varies  with      ,.  . — r-r*      If  we 
'         *^  pB  +  A6 

remove  B  a  little  farther  from  A,  we  increase  AB,  and^B, 
and  A  b,  each  by  the  same  quantity.  This  evidently  di- 
minishes By.  On  the  other  hand,  bringing  B  nearer  to  A 
increases  B^  If  we  keep  the  distance  between  the  glasses 
the  same,  but  increase  the  focal  distance  b  B,  we  augment 
By  because  this  change  augments  the  numerator  and  di- 
minishes the  denominator  of  the  fraction     -p  . — r-r- 

p  o  +  Ab 

In  this  manner  we  can  unite  the  colours  at  what  dbtance 
we  please,  and  consequently  can  unite  them  in  the  place  of 
the  intended  field-glass,  from  which  they  will  diverge  with 
an  increased  dispersion,  viz.  with  the  dispersion  competent 
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to  the  reftactian  produced  there,  and  the  dMjpmtmpk 


m+n  oonjoined. 

It  only  remaint  to  determine  the  proper  finl  dhtneei 
<tf  the  field-glass  and  eye-glasSi  and  the  place  of  dieeye- 
glaas,  so  that  this  dispersion  may  be  finallj  oorredtod. 

This  is  an  indeterminate  problem,  admittiiig  of  sn  infi- 
nity of  solutions.  We  shall  limit  it  by  an  equal  diviaancf 
the  two  remaining  re&actions,  which  are  neoessaty  m  or- 
der to  produce  the  intended  magnifying  power.  Tbisan- 
struction  has  the  advantage  of  diminishing  the  abemtiaD. 
Thus  we  know  the  two  refractions,  and  the  disperaon  oob- 
petent  to  each ;  it  being  nearly  ^yth  of  the  refraction.  CiU 
this  gr.  The  whole  dispernon  at  the  field-glass  oonsiits  of 
q^  and  of  the  angle  Kg  V  of  Fig.  26,  wludi  we  also  knov 

to  he=:p  xm  +  n.    Call  their  sum  8. 

Let  Fig.  S7.  represent  this  addition  to  the  eye-piece. 
C  g  is  the  field-glass  coming  in  the  place  of/^  of  Fig. 
86.  and  Rgu'  is  the  red  ray  coming  from  the  glass 
BR.  Draw  g  a  parallel  to  the  intended  emergent  pencil 
from  the  eye-glass;  that  is,  making  the  angle  C^gwith 
the  axis  correspond  to  the  intended  magnifying  power. 
Bisect  this  angle  by  the  line  g  K.  Make  s gigq  =  tiqy 
and  draw  q  K,  cutting  C  g  in  t  Draw  ^  ^  D,  cutting  g  fc  in 
',  and  the  axis  in  D.  Draw  ^  d  and  D  r  perpendicular  to 
the  axis.  Then  a  lens  placed  in  D,  having  the  focal  dis- 
tance D  d,  will  destroy  the  disperaon  at  the  lens  g  r,  which 
refracts  the  ray  g  w  into  g  r. 

Let  g  17  be  the  violet  ray,  making  the  angle  rgr=:/. 
It  is  plain,  by  the  common  optical  theorem,  that  g  r  will  be 
refracted  into  r  i^  parallel  to  ^  D.  Draw  g  D  r^  meeting 
r  r',  and  join  v  r'.  By  the  focal  theorem  two  red  rays  g  r, 
g  Vf  will  be  united  in  /.  But  the  violet  ray  g  v  will  be 
more  refracted,  and  will  take  the  path  v  z/,  making  the 
angle  of  dispersion  r* »  w  =  j,  very  nearly,  because  the  dis- 
peruon  at  v  docs  not  sensibly  differ  from  that  at  r.    Now, 
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in  the  flfiall  angles  of  refraction  which  obtain  in  optica!  in* 
atrumenta,  the  angles  rr^  t7,  rg  v  are  yeryneJEurly  as  gr  and 
rf',  or  asgD  aiidDr^,  or  as  CD  and  DT;  which,  by  the 
focal  theorem,  are  as  Cd  and  dD;  that  is,  Dd:dc=s 
rgv  irr'v.  But  Dd:dC  =  Dl:^*,  =sgxgqf  = 
9:q.  But  rgv  =  s ;  therefore  r  *^  »  =  g,  =  r^  v  Vy  and 
t^  o'  is  parallel  to  rr',  and  the  whole  dispersion  at  g  is  cor- 
rected by  the  lens  D  r.  The  focal  distance  C  c  of  Cg  is 
had  by  drawing  C  »  parallel  to  K  g,  meeting  Rg  in  »yjBaad 
drawing  •  c  perpendicular  to  the  axis. 

It  is  easy  to  see  that  this  (not  inelegant)  construction  is 
not  limited  to  the  equality  of  the  refractions  wgrf  K  r  r^. 
In  whatever  proportion  the  whole  refraction  wgsis  divid- 
ed, we  always  can  tell  the  proportion  of  the  dispersions 
which  the  two  re&actions  occasion  at  g  and  r,  and  can  there- 
fore find  the  values  of  s  and  q.  Indeed  this  solution  in- 
dudes  the  problem  in  p.  504 ;  but  it  had  not  occurred  to 
us  till  the  present  occasion.  Our  readers  will  not  be  dis- 
pleased with  this  variety  of  resource. 

The  intelligent  reader  will  see,  that  in  this  solution  some 
quantities  and  ratios  are  assumed  as  equal  which  are  not 
stricdy  so,  in  the  same  manner  as  in  all  the  elementary  op- 
tical theorems.  The  parallelism,  however,  otvv'  and  r r* 
may  be  made  accurate,  by  pushing  the  lens  D  r  nearer  to 
C  g,  or  retiring  it  from  it.  We  may  also,  by  pushing  it 
still  nearer,  induce  a  small  divergency  of  the  violet  ray,  so 
as  to  produce  accurate  vision  in  the  eye,  and  may  thus  make 
the  vLuon  through  a  telescope  more  perfect  than  with  die 
naked  eye,  where  (Uspersion  is  by  no  means  avoided.  It 
would  therefore  be  an  improvement  to  have  the  eye-glass 
in  a  sliding  tube  for  adjustment.  Bring  the  telescope  to  dis- 
tinct vision ;  and  if  any  colour  be  vimUe  about  the  edges 
of  the  field,  shift  the  eye-glass  till  this  colour  is  removed. 
The  vifflon  may  now  become  indistinct :  but  this  is  correct- 
ed by  shifting  the  place  of  the  whole  eye-piece. 

We  have  examined  tiigonometrically  the  pvogjreM  cf  ioi 
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red  and  a  violet  my  thicough  manj  eye-piaees  off  TWWrift 
and  Bamsden^s  best  telesoopes;  and  we  have  fimdiail 
of  them  that  the  ooloun  are  united  on  orineij  Mvche 
field-glass ;  so  that  we  presume  that  a  theory  sonevhit 
anakgous  to  ours  has  Erected  the  ingeniooi  i 
We  meet  with  many  made  by  other  artists^  and  even 
of  theirs,  where  a  considerable  dq^iee  of  cokrar  remsm^ 
sometimes  in  the  natural  order,  and  often  in  the  oontnj 
order.  This  must  happen  in  the  hands  of  mere  imitil«% 
ignorant  of  principle.  We  presume  that  we  have  now  nab 
this  princi[de  siiffidently  plain. 

Fig.  88.  represents  the  eye-[Heoe  of  a  very  fine  ipf- 
^ass  by  Mr  Ramsden;  the  focal  length  of  its  oig«U 
glass  is  8i  inches,  with  l^^th  of  aperture,  2°  05'  rfviafale 
field,  and  15,4  magnifying  power.  The  distances  and  fo- 
cal lengths  are  of  their  proper  dimenaions,  but  the  &pa- 
tures  are  i  larger,  that  the  pn^ress  of  a  lateral  pendlmigiit 
be  more  distinctly  drawn.  The  dimensions  are  as  (allow: 
Foe.  lengths  Aa=0,0775  Bfc=l,025  Cc=l,01  1)4=0,79 
Distances      AB=1,18     BC=1,83  CD=1,105. 

It  is  perfectly  achromatic,  and  the  colours  are  united, 
not  precisely,  at  the  lens  C  g,  but  about  ^^^th  of  an  inch 
nearer  the  eye-glass. 

It  is  obvious  that  this  combination  of  glasses  may  be 
used  as  a  microscope ;  for  if,  instead  of  the  image  formed 
by  the  object-glass  at  F6,  we  substitute  a  small  object,  il- 
luminated from  behind,  as  in  compound  microscopes ;  and 
if  we  draw  the  eye-piece  a  very  small  way  from  this  object, 
the  pencils  of  parallel  rays  emergent  from  the  eye-glass  D 
will  become  convergent  to  very  distant  points,  and  will 
there  form  an  inverted  and  enlarged  picture  of  the  object, 
which  may  be  viewed  by  a  Huyghenian  eye-piece;  and 
we  may  thus  get  high  magnifying  powers  without  using 
very  deep  glasses.  We  tried  the  eye-piece  of  which  we 
have  given  the  dimen^ons  in  this  way,  and  found  that  it 
.  might  be  made  to  magnify  180  times  with  very  great  dis- 
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tmetntai  When  used  «  the  magnifier  of  a  solar  miao. 
soope^  it  infioitely  sarpaaMS  every  thing  we  have  ever  seen. 
Tbe  picture  formed  hj  a  solar  microsoope  u  generally  so 
indistinct,  that  it  is  fit  only  for  amuring  ladies ;  but  with 
this  magnifier  it  seemed  perfectly  sharp.  We  therefore 
recommend  this  to  the  artists  as  a  Taluable  article  of  their 

trade. 

The  only  thing  which  remains  to  be  considered  in  this 
theory  of  refracting  telescopes  is  the  forms  of  the  difierent 
lenses.  Hitherto  we  have  had  no  occa^on  to  consider  any 
thing  but  their  focal  distances ;  but  their  aberrations  de- 
pend greatly  on  the  adjustments  of  thdr  forms  to  their  a- 
tuadons.  When  the  conjugate  focuses  of  a  lens  are  deter- 
mined by  the  service  which  it  is  to  perform,  there  is  a  cer* 
tain  form  or  proporticm  between  the  curvatures  of  th^  an- 
terior and  posterior  surfaces,  which  will  make  thdr  aberra- 
tions the  smallest  possible. 

It  is  evident  that  this  proportion  is  to  be  obtained  by 
making  the  fluxion  of  the  quantity  within  the  parentheris 
in  the  formula  of  page  44^2,  line  12,  equal  to  nothing. 
When  this  is  done,  we  obtain  this  formula  for  a,  the  ra- 

£us  of  curvature  for  the  anterior  surface  of  a  lens.    — 

a 

2fr?±m        4f»  +  4         , 

=  2;;r+4;  +  a(m  +  4)r>  ""^^^  ^  '^  *^^  '^^^  ^f  *« 

nne  of  incidence  to  the  sine  of  refraction,  and  r  is  the  dis- 
tance of  the  focus  of  incident  rays,  positive  or  negative,  ac- 
cording as  they  converge  or  diverge,  all  measured  on  a 
scale  of  which  the  unit  is  n,  =  half  of  the  radius  of  the 
equivalent  isosceles  lens. 

It  will  be  suffidently  exact  for  our  purpose  to  suppose 

m  =  -Qj  though  it  is  more  nearly  ^-^     In  this  case  — 

b       10        4gr  +  70       _,.   _.  49r 

=  T  '  7?  =  "    49r     •      Therefore  a  =  ^^.^p 

And  -r  =  —  —  It  = 

'        b         a-        '  a 
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Aa  an  example,  let  it  be  required  to  give  the  laficf 
cunrature  in  inches  for^the  eye-glass  be  of  page  468^  wHk 
we  shall  suppose  of  1^  inches  focal  ^i«^4mf^^  and  thtt 
ec  (=rr)  is  8 jth  inches. 

The  radius  of  curvature  for  the  equivalent  isosoda  leoi 

8' 
is  1,5,  and  its  half  is  0,75.     Therefore  r  =  -rrSz^  =  S; 

0,75' 

49  X  5  5Mo 

and  our  formula  is  a  =  4^x8  +  70^  "^  SbO '  "" ^^^'' 

,1        I  — a         0,125        -.         0,875        ^ 
*°^  T  =  "T"' =  o;875 '  ^^  *  =  0^25 '  =  ^- 

These  values  are  parts  of  a  scale,  of  which  the  unit  is 
0,75  indies.     Therefore 

a,  in  inches,  =  0,875  x  0,75,  =  0,6£»25 
by  in  inches,  =  7  X  0,75,  =  6^. 

And  here  wc  must  observe  that  the  posterior  surface  u 
concave :  for  &  is  a  positive  quantity,  because  1  —  a  is  i 
positive  quantity  as  well  as  a ;  therefore  the  centre  of  sphe- 
ricity of  both  surfaces  lies  beyond  the  lens. 

And  this  determination  is  not  very  different  from  the 
usual  practice,  which  commonly  makes  this  lens  a  plane 
convex  widi  its  flat  side  next  the  eye  :  and  there  will  not 
be  much  difference  in  the  performance  of  these  two  lenses ; 
for  in  all  cases  of  maxima  and  minima,  even  a  {nretty  con- 
aderable  change  of  the  best  dimensions  does  not  make  a 
sensible  change  in  the  result. 

The  same  consideration  leads  to  a  rule  which  is  very 
simple  and  sufficiently  exact  for  ordinary  situations.  This 
is  to  make  the  curvatures  such,  that  the  incident  and  emer- 
gent pencils  may  be  nearly  equally  inclined  to  the  surfaces 
of  the  lens.  Thus  in  the  eye^picce  with  five  glasses,  A 
.and  B  should  be  most  convex  on  their  anterior  sides;  C 
should  be  most  convex  on  the  posterior  side ;  D  should  be 
nearly  isosceles ;  and  £  nearly  plano-convex. 

But  this  is  not  so  easy  a  matter  as  appears  at  first  sight. 
The  lenses  of  an  eye-piece  have  not  only  to  bend  the  sere- 
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vd  pgarili  of  Hghl  lo  and  ftm  the  atk  of  the  telctoopt ; 
tlMf  hmm  alio  to  Ibrm  imageBon  the  wia  oTtbMe  peocib. 
Tliese  offices  frequently  require  oppoute  forme.  Thus  the 
(^aea  A  of  Fig.  S8.  ehould  be  moet  ooiiTex  on  the  side  next 
the  olgeety  that  itavty  produee  little  distortion  of  the  pen- 
dls.  But  it  should  be  most  convex  next  the  eye,  that  it 
may  prodnee  distinct  vision  of  the  image  FG,wluch  is  very 
near  it.  TUs  image  should  have  its  concavi^  turned  to- 
muds  A,  whereas  it  is  towards  the  olgeot-gllass.  We  must 
therefore  endeavour  to  make  the  vertioal  imageyg  flatter^ 
or  even  convex.  This  requires  a  glass  veiy  flat  before^ 
and  convex  behind.  For  similar  reasons' the  objeet-glaai 
of  a  microscope  and  the  am^e  eye-^ass  of  an  astronomi- 
cal telescope  should  be  ibrmoi  the  same  way. 

This  IS  a  sulgect  of  most  difficult  discussion,  and  rsqmres 
«  theory  nrfiidi  few  of  our  readers  would  refish ;  nor  does 
our  limits  affiMrd  room  for  it  The  artists  are  oUiged  to 
grope  thdr  way .  The  proper  method  of  experiment  would 
be,  to  make  eye-piecesof  large  dimenrions,  with  extrava* 
gant  apertures  to  increase  the  aberrations^  and  to  provide 
for  eadi  station  A,  B,  C,  and  D,  a  number  of  lenses  of  the 
same  focal  distance,  but  of  different  forms :  and  we  would 
advise  malung  the  trial  in  the  way  of  a  solar  microscope, 
and  to  have  two  eye-pieces  on  trial  at  once.  Their  pi^ 
tures  can  be  formed  on  the  same  screen,  and  aecvately 
compared ;  whereas  it  is  difficult  to  keep  in  remembrance 
the  performance  of  one  eye-piece,  and  compare  it  with  an- 
othir. 

We  have  now  treated  the  theory  of  refracdng  telescopes 
with  considerable  minuteness,  and  have  perhaps  exceeded 
the  limits  which  some  readers  may  think  reasonaUe.  But 
we  have  long  regretted  that  there  is  not  any  dieoiy  on  this 
subject  from  which  a  curious  person  can  lemn  the  improve- 
ments which  have  been  made  since  the  time  of  Dr  Smith, 
<«  an  artist  learn'  how  to  proceed  whfa  tntettigenee  in 

Vol.  Ill;  «  K 
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pcofesndn.    If  we  luLve  ammplidied  cithflr  itiSkmrnk^ 
we  truft  that  thepubtic  will  leoeive  our  labcmnvdi  titii- 


We  cannot  add  any  tlung  to  what  Dr  Smith  haiMfs* 
ed  on  the  theory  of  reflecting  tdeaoopea.  There  ifpn 
to  be  the  same  ponifaility  of  oorrecting  tfieabemlkBof  the 
great  speculum  by  the  contrary  abemtioii  of  «  coiifa  nd 
qpeculum,  that  we  have  practiaed  in  the  compound  ofafeou 
glass  of  an  achromatic  refractin^teleflobpe.  Butdnscai* 
not  be,  unless  we  make  the  radius  of  the  oonvei;  qpecuhm 
exceedingly  large,  which  destroys  the  magnifying  poaer 
and  the  brightness.  This  therefore  must  be  given  up  b- 
deed  their  p^ormance,  when  well  executed,  does  abcsdf 
surpass  all  imagination.  Dr  Herschel  has  finind  giestad-, 
vantages  in  what  he  calls  thejhmi  view^  not  umiga  plane 
nurror  to  throw  the  pendls  to  one  side.  But  this  csnaot 
be  practised  in  any  but  telescopes  so  large,  that  the  loss  of 
light,  oocasffloned  by  the  interposition  of  the  abier?ier*s 
head,  may  be  disregarded 

Nothing  remains  but  to  describe  the  meduuiim  of  stxne 
of  the  most  convenient  forms. 

To  describe  all  the  varieties  of  shape  and  aoooBomoda- 
tion  which  may  be  given  to  a  telescope,  would  be  a  task  as 
•trifling  as  prolix.  The  artists  of  London  and  of  Pficisha?e 
racked  their  inventions  to  please  every  fancy,  and  to  suit 
every  purpose.  We  shall  content  ourselves  with  a  few  ge^ 
neral  maxims,  deduced  from  the  scientific  oonmderatioa  of 
a  telescope,  as  an  instrument  by  which  the  visual  angle 
subtended  by  a  distinct  object  is  greatly  magnified. 

The  chief  conaderation  is  to  have  a  steady  view  of  the 
distant  object  This  is  unattmnable,  unless  the  axb  cl  the 
instrument  be  kept  constantly  directed  to  the  same  point  ef 
it :  for  when  the  telescope  is  gently  shifted  from  its  pai- 
lion,  the  objiect  seems  to  tnox^e  in  the  same  or  in  the  oppo- 
Kte  direction,  according  as  the  telescope  inverts  the  object 

liiows  it  erect.    TVv\%  \s  oV\t\^\o  x^i^  \a%!^\K^\!i%Y^e««^ 
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becmie  the  appiwnt  angular  motion  ii  gieater  than  what 
we  natmany  aamect.  inth  the  modon  of  the  telescope. 
This  doei  not  hqppen  when  we  look  thxough  a  tube  with- 
out glasaea. 

All  shaking  of  the  instrument  therefore  makes  the  digect 
dance  befine  die  eye ;  and  this  is  disagreeable,  andUnden 
us  fifom  seeing  it  distinctly.  But  a  tremulous  motion,  bow- 
ever  small,  js  infinitely  more  pr^udicial  to  the  perfbnnanoe 
o^a  telescope,  by  making  the  digect  qiuver  before  us.  A 
person  walking  in  the  room  prerents  us  from  sedng  dis- 
tinctly; nay,  the  very  pulsation  in  the  body  of  the  observer 
agitates  the  floor  enough  to  produce  this  eflbct,  when  the 
tdescope  has  a  great  magnifying  power :  For  the  visible  mo- 
tion of  the  object  is  then  an  imperoeptiUe  tremor,  like  that 
of  an  harpsichord  wire,  whidb  produces  an  eflfect  precisely 
similar  to  optical  indistinctness;  and  every  point  of  the  ob- 
ject is  difFiised  over  the  whcJe  space  of  the  ang^ular  tremor, 
and  appears  coexistent  in  every  part  of  this  spaoe^  just  as  a 
harpsichord  wire  does  while  it  is  sounding.  The  more  ra- 
jnd  this  motion  is,  the  indistinctness  is  the  more  complete^ 
Therefore  the  more  firm  and  elastic  and  well  bound  toge- 
ther the  firame-work  and  apertures  of  our  telescope  is,  the 
more  hurtful  will  this  consequence  be.  A  mounting  of 
lead,  were  it  practicable,  would  be  preferable  to  wood,  iron, 
or  brass.  This  is  one  great  cause  of  the  indistinctness  of 
the  very  finest  reflecting  telescopes  of  the  usual  construe- 
tbns,  and  can  never  be  totally  removed.  .  In  the  Ghre- 
gorian  form,  it  is  hardly  possible  to  damp  the  elastic  tre- 
mor of  the  small  speculum,  carried  by  an  arm  supported  at 
one  end  only,  even  though  the  tube  were  motionless.  We 
were  witnesses  of  a  great  improvement  made  on  a  fiiur«feet 
reflecting  telescope,  by  supporting  the  small  qpeculum  by 
a  strong  plate  of  lea^{Jaced  across  the  tube,  andledbyan 
adjusting  screw  at  cadi  end.  But  even  the  great  mirror 
may  vibrate  enough  to  produce  indistinctness.  Beftact* 
ing  telescopes  are  free  from  this  iiioottveniancy,  because  a 
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small  angular  motion  of  ihe  ol^ect-glaBs  round  one  of  iia 
own  diameters  has  no  sensible  effect  on  the  image  in  its 
focus.  They  are  affected  only  by  an  angular  motion  of  the 
axis  of  the  telescope  or  of  the  eye-glasses. 

This  single  consideration  gives  us  great  help  towards 
judging  oi  the  merits  of  any  particular  apparatus.  We 
should  study  it  in  tliis  particular,  and  see  whether  its  form 
makes  the  tube  readily  susceptible  of  such  tremulous  mo- 
tions. If  it  does,  the  tinner  it  is,  and  the  more  elastic  it  is, 
the  worse.  All  fonns  therefore  where  the  tube  is  supported 
only  near  the  middle,  or  where  the  whole  immediately  or 
remotely  depend  on  one  narrow  joint,  are  defective. 

Beasontng  in  this  way,  we  say  with  confidence,  that  of 
■II  the  fonns  of  a  telescope  apparatus,  the  otd^faahioiKd 
umple  stand  represented  in  Fig.  29.  is  by  far  the  best,  and 
that  others  are  superior  according  &s  the  dispoation  of  the 
paints  of  support  of  the  tube  approaches  to  this.  Let  the 
pivots  A,  B,  be  fixed  in  the  lintel  and  sole  of  a  window. 
IjCt  the  four  braces  terminate  very  near  to  these  pivots. 
Let  the  telescope  lie  on  the  pin  F/,  resting  on  the  shoulder 
nmnd  the  eye-piece,  while  the  far  end  of  it  rests  on  one  of 
tlM  jnns  1,  S,  3,  &c. ;  and  let  the  distance  of  these  fnns 
from  F  very  litde  exceed  the  length  of  the  teleicope.  The 
trembling  of  the  axis,  even  when  connderable,  cannot  af- 
bct  the  poeitioii  of  the  tube,  because  the  braces  terminate 
alMoM  at  the  pvots.  The  tronor  of  the  brace  CD  does 
n^bttle  harm,  because  it  is  nearly  perpendicular  to  the 
tube.  And  if  Uie  object-glass  were  close  at  the  upper 
nppmliiig  pin,  and  the  fiscus  at  the  lower  pin  F,  even  the 
bsBding  and  trembling  of  the  tube  will  have  no  effect  on 
its  (^itical  axis.  The  instrument  is  only  subject  to  hori- 
aMital  trem(H^.  These  may  be  almost  annihilated  by  hav. 
ia^  «,  slender  rod  coming  from  a  hook's  joint  in  the  side  of 
tfaa  window,  and  passing  through  such  another  jcnnt  close 
hj  the  pin  F.  We  have  seen  an  iiutrument  of  tliis  form, 
Iwnng  AB  puallel  to  the  earth's  axis.     The  whole  tt^ 
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pwalut  dbd  not  eoit  60  shUfingiy  and  we  find  it  not  in  the 
letttwnaihle  mntirr  affected  by  a  storm  of  wind.  It  was 
by  observatioiis  widi  this  iiifltrument  that  the  tables  of  the 
motions  of  the  Greorgium  Sidus,  published  in  the  Edinbui^gh 
Transactions^  wei«  constructed,  and  they  are  as  accurate 
ns  any  that  have  yet  af^peaied.  This  is  an  exoellent  equa- 
tcnial: 

But  this  apparalus  is  »ot  portable,  and  it  is  sadly  defi- 
cient in  elegance.  The  folbwing  is  the  best  method  we  have 
seen  of  combining  these  circumstances  with  the  indispens- 
able rcquimties  of  a  good  tdesoope. 

The  juUar  VX  (Fig.  SO.)  rises  from  a  firm  stand,  and 
lias  a  horizontal  motion  round  a  cone  which  completely  fills 
it.     This  motion  is  regulated  by  a  rack-work  in  the  box 
at  y.    The  screw  of  this  rack-work  is  turned  by  means  of 
the  handle  P^  of  a  convenient  length,  and  the  screw  may 
be  disengaged  by  the  click  or  detent  V,  when  we  would 
turn  the  instrument  a  great  way  at  once.     The  telescope 
has  a  vertical  motion  round  the  joj^pt  Q  placed  near  the 
middle  of  the  tube.     The  lower  end  of  the  tube  is  sup- 
posed by  the  stay  OT.     This  consists  of  a  tube  BT, 
fiistened  to  the  pillar  by  a  joint  T,  which  allows  the  stay 
to  move  in  a  vertical  plane.     Within  this  tube  slides  ano- 
ther, with  a  stiff  moUon.     This  tube  is  connected  with  the 
telescope  by  another  joint  O,  also  admitting  motion  in  a 
vertical  plane.     The  side  M  of  this  inner  tube  is  fimned 
into  a  rack,  in  which  works  a  pinion  fixed  to  the  top  of  the 
tube  KT,  and  turned  by  the  flat  finger-piece  R.     The 
reado:  will  readily  see  the  advantages  and  the  remainii^ 
defects  of  this  apparatus.     It  is  very  portable,  because  the 
telescope  is  easily  disengaged  from  it,  and  the  legs  and 
stay  fold  up.     If  the  joint  Q  were  immediately  under  A, 
it  would  be  much  freer  from  all  tremor  in  the  vertical  plane. 
But  nothing  can  hinder  other  tremors  arising  from  the  long 
pillar  and  the  three  springy  legs.     These  communicate  aU 
external  agitati<ms  with  great  vigour.     The  instcumant 
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should  be  set  on  a  stone  pedestal,  or,  what  isbc(ter,acriL 
filled  widi  wet  sand.  This  ped^tal,  wbish  moemty  per- 
haps suggested  to  our  sdentific  navigators^  b  the  best  that 
can  be  imag^ed. 

Fig.  SI.  is  the  stand  usually  g^ven  to  reflectiDg  tele, 
scopes.  The  vertical  tube  FBG  is  fastened  to  the  tube  bj 
finger-screws,  which  pass  through  the  slits  at  F  snd  G. 
This  arch  turns  round  a  jcunt  in  the  head  of  the  dvided 
pillar,  and  has  its  edge  cut  into  an  oUique  rack,  n^iich  is 
acted  on  by  the  horizontal  screw,  furnished  with  the 
finger-piece  A.  This  screw  turns  in  a  horisontal  sqmre 
frame.  This  frame  turns  round  a  horizontal  joint  io  the 
off  side,  which  cannot  be  seen  in  this  view.  In  the  side 
of  this  frame  next  the  eye  there  b  a  finger-screw  a,  wUch 
passes  through  the  frame,  and  presses  on  the  round  boii- 
zontal  plate  D.  By  screwing  down  th*is  finger-screw,  the 
frame  is  brought  up,  and  presses  the  horiiciitd  screw  to 
the  rack.  Thus  the  elevation  of  the  telescope  is  fixed,  and 
may  be  nicely  changed  by  the  finger  applied  to  A  and  turn- 
ing this  screw.  The  horizontal  round  plate  D  moves  stiff- 
ly round  on  another  plate  of  nearly  equal  diameter.  This 
under  plate  has  a  deep  conical  hollow  socket,  which  is  nice- 
ly fitted  by  grinding  to  a  solid  cone  formed  on  the  top  of 
the  great  upright  pillar,  and  they  may  be  firmly  fixed  in 
any  position  by  the  finger-screw  E.  To  the  under  plate 
is  fastened  a  box  c,  contidning  a  horizontal  screw  C,  which 
always  works  in  a  rack  cut  in  the  edge  of  the  upper  ^te, 
and  cannot  be  disengaged  from  it.  When  a  great  veitkal 
or  horizontal  motion  is  wanted,  the  screws  a  and  £  are 
slacked,  and  by  tightening  them  the  telescope  may  be  fixed 
in  any  position,  and  then  any  small  movements  may  be 
given  it  by  the  finger  plates  A  and  C. 

This  stand  is  very  subject  to  brisk  tremor,  either  from 
external  agitation  of  the  pedestal,  or  from  the  immediate 
action  of  the  wind ;  and  we  have  seldom  seen  distinctly 
through  teleticopes  mounted  in  this  manner,  till  one  end  of 
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the  tuba  wal  piCHed  against  something  that  was  very  steady 
and  imehwtir.  It.  is  quite  astonishing  what  a  change  this 
produees.  We.tocdL  a  very  fine  tdesoope  made  by  James 
Short,  and  laidthe  tube  on  a  great  lump  of  soft  day,  press- 
ing it  firmly  down  into  it  Several  persons,  ignorant  of 
our  purpose,  looked  through  it,  and  read  a  table  of  logar- 
ithms at  the,  distance  of  810  yards.  We  then  put  the  te- 
lesoope  on  its  stand,  and  pointed  it  to  the  same  object; 
none  of  the  oompany  could  read  at  a  greater  distance  than 
5t3B  yaidsy  althou^  they  could  peiedve  no  tremor.  They 
thought  the  Tiaon  as  sharp  as  before ;  but  the  incontiOi. 
Ycrtible  proof  of  the  contrary  was,  that  they  could  not  read 
at  such  a  distance. 

If  the  round  plates  were  of  much  greater  dimensions ; 
and  if  the  bwer  one,  instead  of  beii^  fixed  to  the  pillar, 
were  sujqported  on  four  stout  {Hilars  standing  on  another 
plate;  and  if  the  vertical  arch  had  a  horizontal  axis  turning 
on  two  upright  frames  firmly  fixed  to  the  upper  plate— 
the  instrument  would  be  much  freer  from  tremor.  Such 
stands  were  made  formerly ;  but  bdng  much  more  bulky 
and  inconvenient  for  package,  they  have  gone  into  disuse. 

The  high  magnifying  powers  of  Dr  Herschel's  tdeacopes 
made  all  the  usual  apparatus  for  thdr  support  extremely 
imperfect.  But  his  judgment,  and  his  ingenuity  and«  fer- 
tility in  resource,  are  as  eminent  as  his  philos(^)hical  ardour. 
He  has  contrived  for  his  reflecting  telescopes  stands  which 
have  every  property  that  can  be  desired.  The  tubes  are 
all  supported  at  the  two  ends.  The  motions,  both  vertical 
and  horizontal,  are  contrived  with  the  utmost  simfdicity 
and  firmness.  We  cannot  more  properly  conclude  this 
artide,  than  with  a  description  of  his  40-feet  telescope,  the 
noblest  monument  of  philosophical  zeal  and  of  princely. 

■ 

munificence  that  the  world  can  boast  of. 

Fig.  32.  represents  a  view  of  this  instrument  in  a  me- 
ridional ntuation,  as  it  i^pears  when  seen  from  a  conve- 
nient distance  by  a  person  placed  to  the  south-west  of  it. 
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I'he  foundxtion  in  the  ground  consisti  of  two  unDentric 
OTTcuiar  brick  walls,  ilie  outernic^  of  which  is  4S  fcet  in 
diameter,  and  the  inside  one  21  Ictl.  They  are  two  feet 
six  inches  deep  under  ground  ;  two  feel  three  inche*  broad 
at  the  bottom,  and  one  foot  two  inches  at  the  top ;  and  arc 
c^ped  with  paving  stones  about  three  inches  thkk,  and 
t*elve  and  three  quarters  broad.  The  bottom  frame  of 
the  whole  apparatus  rests  upon  these  two  walls  by  twenty 
concentric  rollers  I,  I,  I,  and  is  moveable  upon  b  pivot, 
which  gives  a  horiEontal  niotfon  to  the  whole  apparatus,  as 
well  as  to  the  telescope. 

The  tul>e  of  the  telescope  A,  though  very  simple  in  its 
form,  which  is  cylindrical,  was  attended  with  great  difficul- 
ties in  the  oonstniction.  This  is  not  to  be  wondered  at, 
when  its  size,  and  the  materials  of  which  it  is  made,  are 
conudored.  Its  length  is  30  feet  four  inches;  it  measures 
fbur  feet  ten  iiK^es  in  diameter ;  and  every  part  of  it  is  of 
iron.  Upon  a  moderate  computation,  the  weight  of  a 
wooden  tube  must  have  exceeded  an  iron  one  at  least  3000 
pounds  ;  and  its  durability  would  have  been  (ar  inferior  to 
that  of  itvn.  It  is  made  of  rolled  or  sheet  iron,  which  has 
beA  joined  ti^etber  widiout  rivets,  by  a  kind  of  9eaming 
mil  known  to  tbme  who  make  iron-fiiRn^s  for  stoves. 

Very  great  nechaniad  skiU  is  used  in  the  oontnTtmce  of 
tbe  apparatus  by  which  the  telescope  is  supported  and  di- 
nected.  la  ordw  to  command  every  altitude,  the  pmnt  of 
sapport  is  moveabk ;  and  its  motion  is  eS^Cted  by  roecha- 
tfinn,  flo  that  tbe  telescope  may  be  moved  from  its  most 
bACkward  pmnt  of  support  to  the  most  forward,  and,  by 
means  of  the  pulleys  GG  suspended  from  tbe  great  beam 
H,  be  set  to  any  altitude,  up  to  the  very  zenith.  The 
t«be  is  also  made  to  rest  with  ihe  point  of  support  in  a  pi- 
■  vol,  which  permiu  it  to  be  turned  sidewise. 

Tbe  concave  face  of  the  great  mirror  is  48  inches  of  po- 

lidwd  surface  in  diameter.     The  thickness,  which  is  equal 

•^mjevery  part  tif  it,  remains  now  about  three  inches  and  a 
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half;  wad  ift  weight,  when  it  oune  froaithecast,  wasSllS 
pounds,  of  which  it  must  have  lost  a  small  quantitjr  in  po- 
lishing. To  put  this  speculum  into  the  tube,  it  is  suspend- 
ed vertically  by  a  crane  in  the  laboratory,  and  placed  on  a 
small  narrow  carriage,  which  is  drawn  out,  rolling  upon 
planks,  till  it  comes  near  the  back  of  the  tube  ;  here  it 
is  again  suspended  and  placed  in  the  tube  by  a  peculiar  ap. 
paratus. 

The  method  of  observing  by  this  telescope  is  by  what 
Dr  Herschel  calls  the^on^  view ;  the  observer  being  placed 
in  a  seat  C,  suspended  at  the  end  of  it,  with  his  back  to- 
wards the  object  he  views.  There  is  no  small  speculum, 
but  the  magnifiers  are  applied  immediately  to  the  first  focal 
image. 

From  the  opening  of  the  telescope,  near  the  place  of  the 
eye-glass,  a  speaking  pipe  runs  down  to  the  bottom  of  the 
tube,  where  it  goes  into  a  turning  joint ;  and  after  several 
other  inflections,  it  at  length  divides  into  two  branches,  one 
going  into  the  observatory  D,  and  the  other  into  the  work- 
room E.  By  means  of  the  speaking  pipe  the  communica- 
tions of  the  observer  are  conveyed  to  the  assistant  in  the 
observatory,  and  the  workman  is  directed  to  perform  the 
required  motions. 

In  the  observatory  is  placed  a  valuable  sidereal  time- 
piece, made  by  Mr  Shelton.  Close  to  it,  and  of  the  same 
height,  is  a  polar  distance-piece,  which  has  a  dial-plate  of 
the  same  dimensions  with  the  time^piece :  this  piece  may 
be  made  to  show  polar  distance,  zenith  distance,  declina- 
tion or  altitude,  by  setting  it  differently.  The  time  and 
polar  distance  pieces  are  placed  so  that  the  assistant  sits 
before  them  at  a  table,  with  the  speaking-pipe  rising  be- 
tween them  ;  and  in  this  manner  observations  may  be  writ- 
ten down  very  conveniently. 

This  noble  instrument,  with  proper  eye-glasses,  mag- 
nifies above  6(X)0  times,  and  is  the  largest  that  has  ever 
been  made.     Such  of  our  readers  as  wish  for  a  fuller  ac- 
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■count  of  the  wuriiinfry  ■ttarhnl  to.il^  irii».thAlan^U^i 
^en,  and  platfam  B,  may  have  i«ocmne  toAeMooodpat 
<if  the  Twniactionw  rf  the  Bayal  Sode^  far  1795;  ■ 
which,  by  meam  ci  18  plates  end  68  pi^gci  of  kttar-prea» 
an  ample  detail  is  ^ven  of  eveiy  arcumatniee  nktiag  to 
joiner*t  work,  carpenter*!  work,  and  smith's  wori[,  vludi 
attended  the  formation  and  erection  <]f  this  fflfawpf  It 
was  completed  on  August  the  SSth,  1789,  and  on  theaae 
day  was  the  sixth  satdlite  of  Saturn  cKsoorvend. 
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PNEUMATICS. 


1.  This  term  is  restricted,  in  the  present  habits  of  our  lan- 
guage,  to  that  part  of  natural  philosophy  which  treats  of 
the  mechanical  properties  of  elastic  fluids.  The  word,  in 
its  original  meaning,  expresses  a  quality  of  air,  or,  more 
properly,  of  breath. 

2.  We  have  extended  (on  the  authority  of  present  cus- 
tom) the  term  Pneumatics  to  the  study  of  the  mechanical 
properties  of  all  elastic  or  senably  compresnble  fluids,  that 
is,  of  fluids  whose  elastidty  and  compressibility  become  an 
interesting  object  of  our  attention ;  as  the  term  Hydro- 
STATICS  is  applied  to  the  study  of  the  mechanical  proper- 
ties of  such  bodies  as  interest  us  by  their  fluidity  or  liquid- 
i^  only,  or  whose  elastidty  and  compressibility  are  not 
familiar  or  interesting,  though  not  less  real  or  general  than 
in  the  case  of  air  and  all  vapours. 

3.  Of  all  the  sensibly  compressible  fluids  mr  is  the  most 
familiar,  was  the  first  studied,  and  the  most  minutely  exa- 
nuned.  It  has  therefore  been  generally  taken  as  the  ex- 
ample of  their  mechanical  properties,  while  those  mechani- 
cal properties  which  are  peculiar  to.  any  of  them,  and  there- 
fore characteristic,  have  usually  beeq  treated  as  an  appen- 
dix to  the  general  science  of  pneumatics.    No  objection  oc- 
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Gun  to  us  against  this  method,  wjiich  iriD  dieRfiRh 
adopted  m  treating  this  article. 

4.  But  although  the  mechamcal  properti«  mt  the  par* 
per  subjects  of  our  consideration,  it  will  be  ifMwble  to 
avoid  considering  oocamonall j  pvoperUea  which  an  nore 
of  a  cheinical  nature ;.  hecause  they  occaaoa  audi  nwfifi- 
cations  of  the  mechanical  propertiea  as  would  fiequeadjr 
be  unintelligible  without  considering  them  in  ooDJuncliDa 
with  the  other ;  and,  ^m  the  other  hand,  Che  mechaaial 
properties  produce  such  modifications  of  the  prupfltia 
merely  chemical,  and  of  very  interesting  phenomena  cos- 
sequent  on  them,  that  these  would  often  pass  unexfUoei 
unless  we  give  an  account  of  them  in  this  place. 

5.  By  mechanical  properties  we  would  be  undersloodtD 
mean  such  as  produce,  or  are  connected  with,  seaabk 
changes  of  motion,  and  which  indicate  the  presence  sod 
i^;ency  of  moving  or  mechanical  powers.  TThey  are  tbae> 
fore  the  subject  of  mathematical  discussion  ;  adnattiiy  of 
measure,  number,  and  direction,  notions  purely  mathemap 
tical. 

We  shall  therefore  b^;in  with  the  consideration  of  air. 

6.  It  is  by  no  means  an  idle  question,  <<  Wiai  is  thii  air 
of  which  so  much  is  sidd  and  written  ?^  We  see  nothing, 
we  feel  nothing.  We  find  ourselves  at  liberty  to  more 
about  in  any  direction  without  any  let  or  hindenmoe. 
Whence,  then,  the  assertion,  that  we  are  sunounded  wiih 
a  matter  called  air  ?  A  few  very  ^ple  obsc^rvatiom  and 
experiments  will  show  us  that  this  assertion  is  well-£nnd- 
ed. 

7.  We  are  accustomed  to  say,  that  a  vessel  is  empty  when 
we  have  poured  out  of  it  the  water  which  it  oontuned.  Take 
a  cylindrical  glass  jar  (Plate  IX.  Fig.  1.),  having  a  smsll 
hole  in  its  bottom ;  and  having  stopped  this  hole,  fill  the  jar 
with  water,  and  then  pour  out  the  water,  leaving  the  ^as 
empty,  in  the  common  acceptation  of  the  word.  Noir^ 
throw  a  bit  of  cork,  or  any  light  body,  on  the  surface  of 
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waloraiftdHteni:  omr  this  irith  the  glaM  jar  held  m  the 
kvid  with  its  bottom  upvarde,  wd  monre  il  dowDwwd% 
hic|MHg  it  all  the  while  k  an  uptight  poflition.  The  coilt 
will  oontiaiie  to  float  on  the  turiaoe  of  the  water  in  the  in- 
aide  of  the  glass^and  will  moat  chatinctly  show  whereabouts 
diat  surfiweia  It  will  thus  be  seen,  that  the  water  with- 
in  the  glass  haa  its  suriaoe  considerably  lower  than  that  of 
die  sunoundhig  water ;  and  however  deep  we  immeige 
the  giaai^  we  shall  find  that  the  water  will  never  rise  in  the 
inside  of  it  so  as  to  fill  it.  If  plunged  to  the  depth  of  32 
fwt,  the  water  will  only  half  fill  it ;  and  yet  the  acknow- 
ledged laws  of  hydrostatics  tell  us,  that  the  water  would 
AU  the  glass  if  there  were  nothing  to  hinder  it  There  v 
Aerefiore  something  already  within  the  glass  whidi  prevents 
the  water  firom  getting  into  it;  manifesting  in  this  manner 
the  most  distinctive  property  of  matter,  viz.  the  hindering 
other  aaatter  from  occupying  the  same  place  at  the  same 
tine. 

8.  While  things  are  in  this  condition,  pull  the  stopper 
out  of  the  hole  in  the  bottom  of  the  jar,  and  the  water  will 
instantly  rise  in  the  inride  of  the  jar,  and  stand  at  an  equal 
height  within  and  without  This  is  justly  ascribed  to  the 
eecape  through  the  hole  of  the  muUter  which  formerly  ob- 
atructed  the  entry  of  the  water :  for  if  the  hand  be  held 
before  the  bole,  a  puflp  will  be  distinctly  felt,  or  a  ieatfier 
held  there  will  be  bbwn  aside ;  indicating  in  this  manner, 
diat  what  prevented  the  entry  of  the  water,*  and  now  e». 
e^pes,  possesses  another  characteristic  ptopettj  of  matter, 
imputsmjbrce.  The  materiidity  is  cbnduded  irom  tins 
appearance  in  the  same  manner  that  the  materiality  of  w»- 
ter  is  concluded  from  the  impulse  of  a  jet  firom  a  pij^ 
We  also  see  the  mobility  of  the  formerly  pent  upj  and  how 
Uberated,  substance,  in  consequence  of  external  ptessinip, 
viz.  the  pressure  of  the  surrounding  water. 

9.  Also,  if  we  take  a  smooth  cylindrical  tobe,  shut  at 
one  end,  and  fit  a  plug  or  cork  to  its  open  end,  so  ai  to 
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alide  aloQg  it,  but  m  tiglitly  as  to  pienaNl  fH^plf 
iliades;  andif thepliigbewdl8odEfldiB|pHiB^«eihl 
find  that  no  fbioe  whatefer  can  pmhit  ta'At-idttoBirf 
the  tube.  There  is  thcreibie  mmmOiAmg  viAkiftetaiie 
preventing,  by  its  impenetrafaifi^,  die  mataj  of  tke  fhi^ 
and  thereToie  possesBng  diis  diaranturiatic  o(F jaMeb 

10.  In  like  manner,  if^  after  lymnig  tijgmiKA  a  piarf 
oommcm  bdCbws,  we  thutup  the  noBik  and  labaliQk^ 
try  to  bring  the  boards  together,  we  find  it  aapaAk 
Tliere  is  something  included  which  prevcnta  lU^  ialk 
same  manner  as  if  the  bdlows  were  filled  irithwool;  te 
on  opening  the  noszle  we  can  easily  shut  them,  m  iy  » 
polling  this  something ;  and  if  the  rnmpwssion  it  frahk^ 
the  somethmg  will  issue  with  colisidenble  fims^  mi  wqr 
sensibly  impd  any  thing  in  its  way. 

11.  It  is  not  accurate  to  s^Tf  that  wemovesbnitiilb- 
out  oviy  obstruction  ;  for  we  find,  that  if  weanbafourti 
move  a  laige  fan  with  rapidity,  a  very  aenahte  hiudersasi 
is  perceived,  and  that  a  very  senuble  fixce  must  be  eiart- 
ed;  and  a  sensible  wind  is  produced,  vHbich  will  i^jitik 
the  ndghbouring  bodies.  It  is  therefore  justly  ooodudedi 
that  the  motion  is  posnble  only  in  cooaequaiDe  of  haviag 
driven  this  obstructing  substance  out  6£  the  way ;  and  tht 
this  impenetrable,  resisting,  moveable,  impelKiigsiibslsaoc^ 
M  matter.  We  percave  the  perseverance  of  tUs  mattffis 
its  state  of  rest  when  we  wave  a  fan,  in  the  same  auuDBff 
that  we  perceive  the  inertia  of  water  when  we  mote  a  psd- 
dle  through  it.  The  effects  of  wind  in  impelling  our  diip 
and  mills,  in  tearing  up  trees,  and  overturning  buil£iip» 
are  equal  indications  of  its  perseverance  in  a  state  of  no- 
tion. 

To  this  matter,  when  at  rest,  we  give  the  name  Ai> ; 
and  when  it  is  in  motion  we  call  it  Wind. 

Air,  therefore,  is  a  material  fluid:  a  fluid,  becsuseits 
parts  are  easily  moved,  and  yield  to  the  smallest  inequslitj 
I  of  pressure. 
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'»'  Air  foimmcB  tone  othen  of  the  vety  genend,  though. 
¥iot  eMOtial,  prapefties  of  matter.  Itisheavy.  Thisqi>^ 
pemftom  the  folkhring  fiiicts: 

- '  1.  It  always  aooompames  this  globe  in  its  orbit  lound 
Ae  sun,  sunoundii^  it  to  a  certun  distance^  under  the 
•Bnme  of  die  Atmosphsrs,  which  indicates  the  being  eon- 
nected  with  the  earth  by  its  general  force  of  gravity.  It  is 
•duefly  in  consequence  of  this  that  it  is  continually  moving 
round  the  earth  from  east  to  west ;  fiMrming  what  is  called 
the  trade-windy  to  be  more  particularly  conndered  after- 
•waids.  All  that  is  to  be  observed  on  thb  sulgect  at  pre- 
aent  is,  that  in  consequence  of  the  disturbing  fiotoe  of  the 
jsun  and  moon,  there  is  an  accumulation  of  the  air  of  the 
atmoqphere,  in  the  same  manner  as  of  the  waters  of  the 
ocean,  in  those  parts  of  the  ^obe  which  have'  the  moon 
near  their  senith  or  nadir :  and  as  this  happens  suoceSttve- 
ly,  going  fifom  the  east  to  the  west  (by  the  rotation  of  the 
earth  round  its  axis  in  the  opponte  direction),  theaocumu- 
:lated  air  must  gradually  flow  along  to  form  the  elevatioD. 
..This  is  chiefly  to  be  observed  in  the  torrid  sone;  and  the 
generality  and  regularity  of  this  motion  are  greatly  dis- 
turbed  by  the  changes  which  are  omtinuaUy  taking  place 
in  different  parts  of  the  atmoqphere  from  causes  whidi  are 
not  mechanical. 

.  S.  It  is  in  like  manner  owing  to  the  gravity  of  the  air 
that  it  supports  the  clouds  and  viqpours  which  we  see  oon- 
'  stantly  floating  in  it.  We  have  even  seen  bodies  of  no  in- 
eonwderable  weight  float,  and  even  rise,  in  the  air. '  Soap 
bubbles,  and  balloons  filled  with  inflammaUe  ga%  rise  imd 
float  in  the  same  manner  as  a  cork  rises  in  walpi  Tb» 
phenomenon  proves  the  weight  of  the  air  in  the  same  maBb 
ner  that  the  swinuning  of  a  fnece  of  wood  'iodiGatea  the 
weight  of  the  water  which  suf^rts  it 

3.  But  we  are  not  left  to  these  refined  ohnervatipns  tbuf 
the  proof  of  the  air^s  gravity.  We  may  obsetve  iamiiar 
phenomena,  which  would  be  immediate  coasetfuewlea-^ 
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the  Mippoiilioii  that  ak  it  a  hwmwy  mM^wd^tkt 
heavy  fltud%  p«wt  on  tfaaontaidea  of  aikMbii 
in  or  surrounided  by  it  Thna^  for  inatM^if 
ithenoiileandvalfvhQfeof  apnraf  lnjUoaarAahaiing 
aqueeied  the  air  out  of  theai,  we  sfaall  find  Aift  a  mj 
gnatfbrae,  even  aooM  huadvod  poanda^  ia  aaoeany  la 
aeparating  the  boards.  They  mm  kept  t^gellNr  \j  ii 
|veMure  of  the  heavy  air  which  *  miiffimila  llieai  ia  it 
aame  manner  m  it  they  were  iaiBBeiwd  in  vmtar.  Ia  Ha 
manner^  if  we  stoptheendc^nejrringeafter  iiapiilioaki 
been  }»reeeed  down  to  the  bottom,  and  then  atteofiC  H 
draw  up  the  piilon,  we  ihall  find  a  oooaidenfale  fiacea^ 
eeteary^  via.  about  15  or  16  pounds  for  eveiy  a|aaa  nvk 
«f  the  aectioo  of  the  syringe.  EsertiDg  this  firnse^  vt  oa 
draw  up  the  jnstxHi  to  the  top,  and  we  ean  hold  it  thae; 
but  tlie  moment  we  cease  aeting,  the  pialaa  nubss  daea 
and  atiilcea  the  bottom.  It  is  called  a  audioi^  as  we  fid 
aomethingasit  were  drawing  in  the  piston;  bot  it  is  leallj 
the  weight  of  the  incumbent  air  preenng'  it  in.  And  this 
obtains  in  every  position  of  the  syringe ;  becpnsa  the  sff  if 
a  fluid,  and  presses  in  every  direction.  Nay^  it  piesKS  qq 
the  syiM^  as  well  as  on  the  jHston  ;  and  if  die  piston  be 
hung  by  its  ring  on  a  nail,  the  syringe  reqmres  fioroe  lo 
draw  it  down  (just  as  much  as  to  draw  the  piston  up;) 
and  if  it  be  let  go,  it  will  spring  up,  ualeaa  loaded  with4it 
least  16  pounds  for  every  square  inch  of  >  its  CtauferK  *^ 
tbn,.(9ee  Fig/2.) 

4.  But  the  most  direct  proof  of  the  weight  of  dw  sir  is 
had  by  weig^iing  a  vessel  empty  of  air,  and  tlien  wagh- 
ingLit  again  when  the  air  has  been  admitted ;- and  d)i^ 
as  it  it -the 'most  obvious  consequence  of  its  weight,  h» 
been  asseteed  as  k>ng  ago  as  the  days  of  Aristotle  He 
says  («^<  W«*^>  iv.  4.),  That  all  bddies  are  heavy  ia  their 
{dace  exteptAfe:-  e^en  air  is  heavy;  for  a  Mown  Usdder 
ia  ieastier  than  when  it  is  empty^  It  k  aomewhat  smpris- 
ing«that  bia  fellowett  should  have  gone  into  the  eppoote 
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opiniooi  whilo  pmfefaiig  to  maintain  the  docUrme  of  their 
aavfer.  If  we  take  a  veiy  large  aod  limber  bladder,  and 
aquoeie  out  the  air  very  carefully^  and  weigh  U,  and  then 
fiU  it  till  the  wrinkles  just  b^in  to  disappear,  and  weigh  it 
again,  we  shall  find  no  dUfference  in  the  weight  But  this 
is  not  Azistotle^s  meaning ;  because  the  bladder  consider- 
ed  as  a  vessel,  is  equally  full  in  both  cases,  its  dimensinns 
being  chaiiged.  We  cannot  take  the  air  out  of  a  bkulder 
without  its  immediately  coUi^ng.  But  what  would  be 
true  of  a  bladder  would  be  equally  true  of  any  vessd. 
Therqf<n«,  take  a  round  vessel  A  (Fig.  3.)i  fitted  with  a 
stopcock  B,  and  syringe  C.  Fill  the  whole  with  water, 
and  press  the  piston  to  the  bottom  of  the.  syringe.  Then 
kee[HDg  the  cock  open,  and  bedding  the  vessel  upright, 
with  the  syringe  undermost,  draw  down  the  piston.  The. 
water  will  follow  it  by  its  weight,  and  leave  part  of  the. 
vessel  empty.  Now  shut  the  cock,  and  again  push  up  the 
piiton  to  the  bottom  of  the  syringe ;  the  water  escapes 
through  the  piston  valve^  as  will  be  explained  afterward : 
then  opening  the  cock,  and  again  drawing  down  the  piston, 
more  water  will  come  out  of  the  vessel.  Repeat  this  ope* 
ration  till  all  the  water  have  come  out  Shut  the  cock, 
unscrew  the  syringe,  and  wei^  the  vessel  very  accurately. 
Now  open  the  cock,  and  admit  the  air,  and  weigh  the  vessel 
again,  it  will  be  found  heavier  than  before,  and  this  addi- 
tional weight  is  the  weight  of  the  air  whidi  fills  it ;  and  it 
will  be  found  to  be  623  grains^  about  an  ounce  and  a  fifth 
avoirdupois,  for  every  cubic  fix>t  that  the  vessel  contains. 
Now,  since  a  cubic  foot  of  water  would  weigh  1000  ounces^ 
thif  experiment  would  show  that  water  is  about  810  timea 
heavier  than  air.  The  most  accurate  judgment  of  this, 
kind  of  which  we  have  met  with  an  account,  is  that  record* 
ed  by  Sir  George  Shuckburgh,  which  is  in  the  67th  voL 
of  the  Philosophical  Transactions,  p.  560.  From  this  it 
follows,  that  when  the  air  is  of  the  temperature  5S,  and 
harometer  stands  at  29i  inches,  the  air  is  836  times  li^htior. 
Vol.  III.  ft  L 
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than  water.  Bat  the  e^qperiment  b  loot  mMoefiSbkcimA 
dent  accuracy  far  deternmnng  the  exicX  wagU^if  a  cohir 
foot  of  iur.  Its  weigfat  is  Tery  small ;  and  Ae^nad  amsC 
be.  strong  aiul  heavy,  so  as  to  tpmkmid  any  lialsBii  flisl  b 
suttdently  nice  for  the  expeiimcut 

To  aToid  this  ineonvenience,  die  ivfcofe  nwy  be  m^ 
ed  in  water,  first  loading  Ai  rtaitt  ao  as  to  loake  it  pe- 
pbnderate  an  ounce  or  two  in  the  water.     By  this  nem 
the  balance  will.be  loaded  only  with  this  small  prepoedg- 
ancy.    But  eren  in  this  case  there  are  considerable  soumf 
of  error,  ariang  from  dianges  in  the  spcdfic  gravity  of  Ae 
water  and  other  causes.    The  experiment  has  often  bea 
repeated  with  this  view,  and  the  ur  has  been  found  it  a 
medium  to  be  about  840  times  as  light  as  water,  but  lith 
gfeiEit  variations,  as  may  be  expected  from  its  very  lietefo- 
geneous  nature,  in  consequence  of  its  being  the  menstruimi 
of  almost  every  fluid,  of  all  vapours,  and  even  of  most  sofid 
bodies ;  all  which  it  holds  in  solution,  forming  a  fluid  per- 
fcctly  transparent,  and  of  very  different  denaty  aooording 
to  its  composition.     It  is  found,  for  instance,  that  perfectly 
pure  air  of  the  temperature  of  our  ordinary  summer,  is 
considerably  denser  than  when  it  has  dissolved  about  half 
as  much  water  as  it  can  hold  in  that  temperature ;  and  that 
with  this  quantity  of  water  the  difference  of  density  increases 
in  proportion  as  the  mass  grows  warmer,  for  damp  air  is 
more  expansible  by  heat  than  dry  air. 

Such  is  the  result  of  the  experiment  suggested  by  Aiis- 
totle,  evidently  proving  the  weight  of  the  air ;  and  yet,  as 
has  been  observed,  the  Peripatetics,  who  profess  to  fdkm 
the  dictates  of  Aristotle,  uniformly  refused  it  this  property. 
It  was  a  matter  long  debated  among  the  philosophers  of 
the  last  century.  The  reason  was,  that  Aristotle,  with 
that  indistinctness  and  incon^stency  which  is  observed  in 
all  his  writings  which  relate  to  matters  of  fact  and  expe- 
rience, assigns  a  different  cause  to  many  phenomena  wbicb 
any  man  led  by  common  observation  would  ascribe  to  the 
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^nragiit  of  the  air.  Of  thk  kind  is  the  rise  of  water  in 
pumps  and  syphons,  which  all  the  Peripatetics  had  for  ages 
ascribed  to  something  whidi  they  called  naiurfs  dbhorr^nee 
cfavML  Aristotle  had  asserted  (for  reasons  not  our  bua- 
nesB  to  addnoe  at  present),  that  all  nature  was  full  of 
b^g«  and  that  nature  abhorred  a  Toid.  He  addoces  many 
fSicts,  in  which  it  appears,  that  if  not  absolutely  impossible, 
it  is  very  difficult,  and  requires  great  fon^,  to  produce  a 
space  void  of  matter.  When  the  operation  of  pumps  and 
syphons  came  to  be  known,  the  philosophers  of  Europe 
(who  .had  all  embraced  the  Peripatetic  doctrines)  found  m 
this  fancied  horror  of  a  fanded  mind  (what  eke  is  this  that 
nature  aUiors?)  a  ready  solution  of  the  phenomena.  We 
shall  state  the  facts,  that  cTery  reader  may  se6  what  kinds 
of  reasoning  were  received  among  the  learned  not  two  cen^ 
turies  ago. 

Pumps  were  then  constructed  in  the  fdk)wing  man- 
ner: A  long  pipe  6B  (Fig.  4.)  was  set  in  the  water  of 
the  well  A.  This  was  fitted  with  a  sucker  or  pston  C, 
having  a  long  rod  CF,  and  was  furnished  with  a  valve  B 
at  the  bottom,  and  a  lateral  pipe  D£  at  the  place  of  de- 
livery, also  furnished  with  a  valve.  The  fact  is,  that  if 
the  piston  be  thrust  down  to  the  bottom,  and  then  drawn 
up,  the  water  will  follow  it ;  and  upon  the  piston  being 
again  pushed  down,  the  water  shuts  the  valve  B  by  its 
weight,  and  escapes,  or  is  expelled  at  the  valve  £  ;  and  on 
drawing  up  the  piston  agun  the  valve  E  is  shut,  the  water 
again  rises  after  the  piston,  and  is  again  expelled  at  its  next 
descent 

The  Peripatetics  explain  all  this  by  saying,  that  if  the 
water  did  not  JbUaso  the  piston  there  would  be  a  void  be- 
tween them.  But  nature  abhors  a  void ;  or  a  void  is  im- 
possible :  therefore  the  water  follows  the  piston.  It  is  not 
worth  iwhile  to  criticise  the  wretched  reasoning  in  this  pre- 
tence to  explanation.  It  is  all  overturned  by  one  observa- 
tion.   Suppose  ithe  pipe  shut  at  the  bottom,  the  piston  can 
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be  drawn  up,  and  thus  a  void  produced.     No, 
Peripatetics ;  and  they  speak  of  certain  s[nrits,  effluvia, 
iviiich  occupy  the  place.     But  if  so,  why  needs  the  water 
riseP  Tliis  therefore  is  not  the  cause  of  its  ascent     It  is  a 
curious  and  important  phenomenon. 

The  sagacious  Galileo  seems  to  have  been  the  first  -whs 
GOiously  avribed  this  to  the  weight  of  the  air.  Many  b& 
fore  htm  had  supposed  air  heavy ;  and  thus  explained  the 
difficulty  of  raising  the  board  of  bellows,  or  the  piston  of  a 
syringe,  &c,  But  he  distinctly  applies  to  this  allowed 
weight  of  the  mr  all  the  consequences  of  hydrostatical  laws ; 
and  he  reasons  as  follows : 

The  heavy  air  rests  on  the  water  in  the  (ustem,  and 
presses  it  with  its  weight.  It  does  the  same  with  the  water 
in  the  pipe,  and  therefore  both  arc  on  a  level ;  but  if  the 
[HSton,  after  being  in  contact  with  the  surface  of  the  water, 
be  drawn  up,  there  is  no  longer  any  pressure  on  the  sur- 
face of  the  water  within  the  pipe;  for  the  lur  Qow  rests  on 
the  piston  only,  and  thus  occasions  a  difficulty  in  drawing 
it  up.  The  water  in  the  pipe,  therefore,  is  in  the  same 
situation  as  if  more  water  were  poured  into  the  cistern, 
t}iat  is,  as  much  as  would  exert  the  aame  preesure  on  its 
wrface  as  the  air  does.  In  this  case  we  an  certain  that 
the  water  will  be  pressed  into  the  pipe,  and  will  raise  up 
the  water  already  in  it,  and  follow  it  till  it  is  equally  high 
within  and  without  The  same  pressure  of  the  air  shuts 
the  valve  E  during  the  deacnd  of  liie  piston.  {(See  GaS- 
Ito'i  XHtcourtes.) 

He  did  not  wait  for  the  very  obvious  objection,  that 
if  iUk  rise  of  the  water  was  the  efietA  of  the  air's  pressure, 
it  would  also  be  its  measure,  and  would  be  raised  and  sup- 
ported only  to  a  certain  heighL  He  directly  said  so,  and 
lUldu'^  ^is  as  a  decisive  experiment.  If  the  horror  of  a 
mid  be  the  cause,  says  he,  the  wmcr  -must  rise  to  any 
hfif^t  however  great ;  but  if  it  be  owing  to  the  preaiure 
of  tht  lir,  it  will  only  rise  till  the  wng^t  of  the  water  in 
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the  pip»  U  in  eqiaUibrio  with  the  preBBUie  of  the  air, 
oosdiiif  ta  the  QQieo9C»  kwt  of  hydccMtatitcs.  Andheaddst 
Aet  this  'k^  mlL  kiurwii ;  for  it  is  a  fact,  that  pmnps  will 
not  draw  watav  9uioh  above  Ibrtj  pafam,  although  they 
may  he  made  Ui  propel  or  to  If/i  U  Ui  way  hmgjtxL  He  then 
makes  an^^aasertioo^  which,  if  true,  will  be  dednTe.  Let  a 
very  long  pijpe^.  shut  at  <Hie  end*  be  filled  with  water,  and 
let  it  be  erected  perpendicularly  with  the  dose  end  upper* 
moft^.  and  a  stopper  in  the  other  end,  and  then  its  lower 
cnifice  ipmetBod  into  a  vessel  of  water ;  the  water  will  sqIk 
ade  in  the  {npe  upon  removing  the  stof^ier,  till  the  re* 
inyii^ifpg  column  is  in  equilibrio  wijth  the  pressure  of  the; 
external  air.  This  experiment  he  proposes  to  the  curious; 
saying  however,  that  he  thought  it  unnecessary,  theee 
bjung  aliead|y  suph  abundant  pioofsof  the  air^s  pressure. 

It  ifi  prgbaUe  that  the  cumbersomeness  of  the  necessary, 
apparatas  protracted  the  making  of  this  experiment  Ano* 
ther  equally  conclusive,  and  mudi  easier,  was  made  in, 
1642,  after  Galileo^s  death,  by  his  zeabua  and  leamedi 
disdple  Toricdli.  He  filled  a  f^iaas  tube,  dose  at  one  end, 
with  mercury ;  judging,  that  if  the  support  of  the  water 
was  owing  to  the  pressure  of  the  air,  and  was  the  measure 
of  this  pressure,  mercury  would  in  like  manner  be  supporU 
ed  by  it,  and  this  at  a  height  which  was  also  the  measuiV' 
of  the  air^s  pressure,  andtherefim  13  times  less  than  water* 
He  had  the  pleasure  of  seeing  his  expectation  verified  in 
the  completest  manner;  the  mercury  descendii^  in  the 
tube  AB  (Fig.  5.)  and  finally  settling  at  the  heightyS  of 
29}  Roman  inches :  and  he  found,  that  when  the  tube  was. 
inclined,  the  point/ was  in  the  same  horizontal  plane  with 
y  in  the  upright  tube,  according  to  the  received  laws  of 
hydrostatical  pressure.  The  experiment  was  often  repeat- 
ed, and  soon  became  famous,  exciting  great  controversies 
among  the  phibsophers  about  the  possibility  of  a  vacuum^ 
About  three  yeais  afterwards  the  same. experiment  wa» 
published  at  Warsaw  in  Polandi  by  Valerianus  Magnus  aa 
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Ilis  own  suggcsUon  and  discovery :  but  it  appears  plain 
from  the  letters  of  Roberval,  not  only  that  Toricelli  was 
prior,  and  that  his  experiment  was  the  general  topic  of 
discussion  among  the  curious ;  but  also  highly  probable 
that  Valerianus  Magnus  was  informed  of  !t  when  at 
Rome,  and  daily  conversant  with  those  who  had  seen  it 
He  denies,  however,  even  having  heard  of  the  name  of  To- 
ricelL 

This  was  the  era  of  philosophical  ardour;  and  we  think 
that  it  wos  Galileo''s  invention  and  immediate  application 
of  the  telescope  which  gave  it  vigour.  Discoveries  of  the 
most  wonderful  kind  in  the  heavens,  and  which  required 
DO  extent  uf  previous  knowledge  to  understand  them,  were 
thuB  put  into  the  hands  of  every  person  who  could  pur- 
diBse  a  spy-glass ;  while  the  high  degree  of  credibihty 
which  some  of  the  discoveries,  such  as  the  phases  of  Venus 
and  the  rotation  and  satellites  of  Jupiter,  gave  to  the  Co- 
pemican  system,  immediately  set  the  whole  body  of  the 
learned  in  motion.  Galileo  joined  to  bis  ardour  a  great 
extent  of  learning,  pai'ticularty  of  mathematical  knowledge 
and  sound  logic,  and  was  even  the  first  who  formally  unit- 
ed mathematics  with  physics ;  and  his  treatise  on  accele- 
rated motion  was  the  first,  and  a  predous  fruit  of  this 
union.  About  the  years  164S  and  1644,  we  find  clubs  of 
gentlemen  associated  in  Oxford  and  London  for  the  culti- 
vMion  of  knowledge  by  experiment;  and  before  1655  all 
the  doctrines  of  hydrostatics  and  pneumatics  were  familiar 
there,  established  upcm  experuoMt.  Mr  Boyle  procured 
A  coalition  and  correspondence  of  these  clubs,  under  the 
name  of  the  Invisible  and  Philosophical  Sodety.  In  May 
1658,  Mr  Hooke  finished  for  Mr  Boyle  an  mr-pump, 
which  had  employed  him  a  long  time,  and  occasioned  him 
sev^al  journeys  to  London  for  things  which  the  workmen 
of  Oxford  could  not  execute.  He  speaks  of  this  as  a  great 
improvement  on  Mr  Boyle''s  own  pump,  which  he  had  been 
using  some  Ume  before.     Boyle  therefore  must  have  in.. 
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moooacot  of  Otto  Gnerick^a,  published  in  his  (Scbottus)  JU^ 

Curiosa).  The  Royal  Society  of  London  aiose  in  1686 
from  the  ooilition  of  these  dubs,  after  15  ydurs  ocMipeiip 
tkn  and  cttrrespoodence.  The  Montmorilie  Society  at 
Paris  had  subdsted  nearly  about  the  same  time ;  for  we 
find  Paschal  in  1648  speaking,  of  the  mee^gs  in  the  Sor- 
bonne  College,  from  which  we  know  that  sodety  origpnat- 
ed.—* Nuremberg,  in  Grermany,  was  also  a  disdnguished 
-seminary  of  experimental  philosophy.  The  magistcatisSf 
sensible  of  its  valuable  influence  in  manufactures;  the 
source  of  the  opulence  and  prosperity  of  their  dty,  and 
many  of  them  philosophers,  gave  jdiilosophy  a  professed 
and  munificent  patronage,  furnishing  the  philosophers  with 
a  oopous  apparatus,  a  place  of  assembly,  and  a  fund  for 
the  expense  of  their  experiments ;  so  that  this  was  the  first 
academy  of  sdences  out  of  Italy  under  the  patronage  of 
government  In  Italy,  indeed,  there  had  long  existed  in- 
stitutions of  this  kind.  Rome  was  the  centre  of  church- 
government,  and  the  resort  of  all  expectants  for  preferment. 
The  clergy  were  the  majority  of  the  learned  in  all  Chris- 
tian nadons,  and  pardcularly  of  the  systematic  philosophers. 
Each,  eager  to  reocmimend  himself  to  notice,  brought  for- 
ward every  thing  that  was  curious;  and  they  were  the 
willing  vdiides  of  philosophical  communication.  Thus  the 
experiments  of  Galileo  and  Toricelli  were  nqpidly  diffused 
by  persons  of  rank,  the  dignitaries  of  the  church,  or  by  the 
monks,  their  obsequious  servants.  Perhaps  the  recent  de- 
fection of  England,  and  the  want  of  a  residing  embassy  at 
Rome,  made  her  sometimes  late  in  recdving  or  spreading 
philosophical  researches,  and  was  the  cause  that  more  was 
done  there  prcprio  Marte. 

We  hope  to  be  excused  for  this  digression.  We  were 
naturally  led  into  it  by  the  pretensions  of  Yalerianus  Mag- 
nus to  originality  in  the  experin^nt  of  the  mercury  sup- 
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ibimd  ihat  ICano^  htd  tenowtd  Ui  vprilMt  Am 
Hoporatiw  Fabri,  utio  bad  '|jimmiiiJ  wbA  laqpUaidkii 
ISfU ;  but  whoever  Ibmm  die'mtiiigBvf  XmnB^-mI 
GflfifeoVhighopmioD  dTbhti,  wm  Wf«r  A^ 
need  midi  lielpB.  (8ee  dtbJBniin  of  Mounkria&iaiL 
TacA.  Ctir.  ni.  at  ths  aid.) 

'Otlileo must  be  oomidend  «t  the  nrtiior<«f  tbea|0i 
nemwIwBhe'pRipoaesittobeiiiBde.  VwieamnmUiipm 
'OWhb  hinuelf  iiktebted  to  Um  for  the  principle  and  dieiia- 
trinmee  of  the  ezperinKiit  It  it  ncitfaer  wamiaMikl 
mBDy  mgenioua  meiiy  of  one  opuDOD^  mod  uuXnOd  kf 
^hdileo^  should  separately  hit  on  so  elmooe  n  thn^;  mt 
thift  Torioelli,  bis  mmiediate  disc^de^  fail  onlfaiwailieaL 
'mirer,  and  who  was  in  the  habits  of  correapeniffi^g  withkin 
tffl  his  death,  in  1642,  should  be  die  firat  10  p«C  it  ia  pw- 
tioe.  It  became  the  subject  of  dispute  finm  iheaatisiMiI 
arrogance  and  self-conceit  of  some  Frenchmen,  who  have 
always  shown  themselves  disposed  to  consider  thdrnstian 
as  at  the  head  of  the  republic  cf  letters,  and  caanoC  brook 
the  concurrence  of  any  foreigners.  Bobenrad  fMsia  this 
instance,  however,  the  chamjHon  of  ToriodE;  but  those 
who  know  his  cantroveroes  with  the  malheoMdoflDS  of 
FVanoe  at  this  time  will  eanly  account  for  Ibis  exception. 

All  now  agree  in  giving  Toricelli  the  bonour  of  ^JM 
invention ;  and  it  univeraaDy  passes  by  the  name  ef  the 
ToEicBLLi AK  ExPBR  iMEKT.  The  tubo  is  Called  Che  Toit- 
CBLLiAN  TuBB ;  and  the  space  left  fay  the  mercaiy  is 
caillied  the  Tobicbllian  Vacucu,  to  difttingiiiah  it  (tarn 
the  BoYLEAX  Vacuum,  which  is  only  an  extreme  rsrefiic- 
uon. 

The  experiment  was  repeated  in  vaiioua  fbnnsy  and  vidi 
apparatus  whidi  enabled  philosophers  to  examine  severd 
effects  which  the  vacuum  produced  on  bodies  ^exposed  in 
k.    This  was  done  by  making  the  uj^ier  part  of  the  take 


tan 

tenakau  im  a  ^mmd  tif  wonm  eipicity,  or  commiMiiwtg  wMi 
Midi  A  Wisely  in  ^ulueh  trare  udtukd  aloag  with  the  mas 
ourj  bnfies  cA  wiaok  the  eKpetimeiito  were  to  Ik  mada 
When  the  mefcuiy  had  run  out,  the  phenomeBA  of  these 
IxxIks  wvBt  caicfiidfy  eheuveiL 

An  oliyection  was  made  lo  the  eonokision  drawn  from 
Toroelli'^s  experiment,  which  appears  formidiUe.  If  the 
Toricdlian  tdbe  be  suspended  on  the  arm  of  a  bataacc^  it 
is  fimnd  that  the  comiterpQise  must  be  eqiml  to  the  weight 
both  of  the  tube  and  of  the  mercnry  it  contains.  This 
eonld  not  be,  say  the  ofcgeetors,  if  the  mercury  were  sup* 
|Nirted  by  the  air.  It  is  evidently  supported  by  the  ba- 
lance ;  and  thb  gave  rise  to  another  notion  of  the  cause 
a£ffierent  from  the  peripatetic ^i^  v&cm:  a  suspensive 
force,  oar  rather  attraction,  was  assigned  to  the  upper  ptft 
ofthetttbe. 

But  the  true  explanation  of  die  phenomenon  is  most  easy 
and  flitisfactary.  Suppose  the  mercury  in  the  astern  and 
tube  to  freeze,  but  without  adhering  to  the  tube^  so  that 
the  tube  could  be  fireely  drawn  up  and  down.  In  this  case 
the  mercnry  is  supported  by  the  base,  without  any  depen- 
dence on  the  pressure  erf"  the  mr ;  and  the  tube  is  in  the 
same  condition  as  be&»e,  and  the  solid  mercury  performs 
the  office  of  a  piston  to  this  kind  of  qrnnge.  Suppose  the 
tube  thrust  down  till  the  top  of  it  touches  the  top  of  the 
mercury.  .  It  is  evident  that  it  must  be  chawn  up  in  op 
position  to  the  pressune  of  the  external  air,  and  it  is  pre- 
cisely similar  to  the  syringe  already  mentioned.  The 
woght  sustained  therefore  by  tins  arm  of  the  balance  ia  the 
wcif^t  of  the  tube  and  the  downward  pressure  of  the  at- 
mosphere on  its  top 

The  curiosity  of  philosophers  b^g  thus  exdted  by  tUs 
▼ery  manageable  experiment,  it  was  natural  now  to  try  the 
original  ei^eriment  proposed  by  Galileo.  Accordingly 
Berti  in  Italy,  Pasdial  in  Fmnce,  and  many  others  in  dif- 
iiorent  places,  amde  the  experiment  with  a  tube  filled  with 
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water,  wine,  oil,  be.  and  all  with  the  aiiOQaiwfcicli.B||^ 
be  expected  in  so  ample  a. matter:  and^ABdoetiiaetf 
the  weight  and  presBure  of  the  air  ww  eatahUad  beytmk 
oontradictiQn  or  doubt  AH  was  done  faiim.^  year 
1648.— A  very  beautiful  experiment  was  ciUita&  bj 
Auzout,  which  completely  aatirfied  all  who  had  waj  re- 
maining doubts. 

A  small  box  cht  phial  EFGH  (Fig.  6.)  had  tvo  |^ 
tubes,  AB,  CD,  three  feet  long,  inflated  into  it  in  aidii 
manner  as  to  be  finnly  fixed  in  one  end,  and  to  readmear- 
ly  to  the  other  end.  AB  was  open  at  both  ends,  and  CD 
was  close  at  D.  This  iq[>paiatus  was  oompletdy  filled  widi 
mercury,  by  unscrewing  the  tube  AB,  filling.the  ban,  aal 
the  hole  CD;  then  screwing  in  the  tube  AB,  andfibgit: 
then  holding  a  iSnger  on  the  orifice  A,  the  iiliok  m 
inverted  and  set  upright  in  the  portion  represented  ii 
figure  fij  immernng  the.  orifice  A  (now  a)  in  a  anaH  ves- 
sel of  quickmlver.  The  result  was,  that  the  mocmy  nn 
out  at  the  orifice  a,  till  its  surface  m  n  within  the  pbial  de- 
scended to  the  top  of  the  tube  b  a.  The  mercuiy  also  be- 
gan to  descend  in  tlie  tube  d  c  (formerly  DC)  and  run  over 
into  the  tube  b  a,  and  ran  out  at  a,  till  the  mercuiy  in  dc 
was  very  near  equal  in  the  level  with  m  n.  The  mercury 
descending  in  d  a  till  it  stood  at  Ar,  29|  inches  above  the 
surfiace  op  of  the  mercury  in  the  dstem,  just  as  in  the 
Toricellian  tube. 

The  rationale  of  this  experiment  is  very  easjr*  '^^ 
whole  apparatus  may  first  be  considered  as  a  ToriodKan 
tube  of  an  uncommon  shape,  and  the  mercury  would  flow 
out  at  a.  But  as  soon  as  a  drop  of  motniry  oomes  out, 
leaving  a  space  above  m  n,  there  is  nothing  to  keep  up  the 
mercury  in  the  tube  d  c.  Its  mercury  therefore  descends 
also ;  and  running  over  into  b  a,  continues  to  supfdy  itsex- 
pense  till  the  tube  dc'is  almost  empty,  or  can  no  loogff 
supply  the  waste  of  &  a.  The  inner  surface  therefore  fidls 
OS  low  as  it  can,  till  it  is  level  with  6.     No  more  meicury 
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*iMik  aAetirOj  yet -te  oohimn  b  too  heavy  to  be  supported 
by  liM»  pi«B8ure  of  iIm^  ur  on  the  mercury  in  the  dslem 
McMf ;  it  tfaerefixe'  descends  in  6  a,  and  finally  settles  at 
-Ae  height  h  Oy  equal  to  that  of  the  mercury  in  the  Tori- 
odliantube. 

The  prettiest  circumstanoe  of  the  experiment  remains. 
Make  a  small  hole  g  in  the  upper  cap  of  the  box.  The 
external  air  immediately  rushes  in  by  its  weight,  and  now 
presses  on  die  marcury  in  the  box.  This  immecfiately 
noses  the  mercury  in  the  tube  dc  to  2,  29^  inches  above 
mn.  It  paresses  on  the  mercuiy  at  fc  in  the  tube  h  a,  ba- 
landng  the  pressure  of  the  air  in  the.dstem.  The  mer- 
euory  in  the  tiibe  therefore  is  left  to  the  influence  of  its  own 
wdght,  and  it  descends  to  the  bottom.  Nothing  can  be 
Biore  apponte  or  dedave.- 

And  thus  the  doctrine  of  the  gravity  and  pressure  of 
the  A  is  established  by  the  'most  unexceptionable  evi- 
dence: and  we  are  entitled  to  assume  it  as  a  statical 
principle,  and  to  affirm  i  priori  all  its  legitimate  conse- 
quences. 

And,  in  the  first  place,  we  obtain  an  exact  measure  of 
the  pressure  of  the  atmosphere.  It  is  precisely  equal  to 
the  weight  of  the  column  of  mercury,  of  water,  of  oil,  &c. 
which  it  can  support ;  and  the  Toricellian  tube,  or  others 
fitted  up  upon  the  same  principle,  are  justly  termed  baro- 
scopes  md  baromeUrs  with  reqpect  to  the  air.  Now  it  is 
observed  that  water  is  supported  at  the  height  of  32  feet 
nearly :  The  weight  of  the  column  is  exactly  SOOO  avoir- 
dupcMs  pounds  in  every  sqtuu«  foot  of  base,  or  IS^',^  on 
every  square  inch.  The  same  conclusion  very  nearly  may 
be  drawn  from  the  column  of  mercury,  which  is  nearly  29^ 
inches  high  when  in  equilibrium  with  the  pressure  of  the 
air.  We  may  here  observe,  that  the  measure  taken  from  the 
haght  of  a  column  of  water,  wine,  sjnrits,  and  the  other 
fluids  of  considerable  volatility,  as  chemists  term  it,  is  not  m> 
exact  as  that  taken  from  mercury,  cdl,  and  the  like.    Fbr 


it  is  dbmntif  that  the  Toktile  fluids  ue  c—wiCwlhyAi. 
Gsdioary  heat  of  our  dimatea  into  vmpaut  wkm  thf  ooafi^ 
iDg  pressure  of  the  ur  is  removed ;  aod  tUanponr^byiti 
ehisdcity,  exerts  a  small  pressure  on  the  sur&eecftbBW»> 
ter,  &c.  in  the  pipe,  and  thus  counteracts  a  smsHpntoE 
the  external  pressure ;  and  therefore  tbe  column  mppnted 
by  the  remaining  pressure  must  be  Iightei^  that  i%  ihortft 
Thus  it  is  found,  that  rectified  apiritB  will  not  stsnd  nadk 
higher  than  is  competent  to  a  wogfat  of  13  poundsoaa 
inch)  the  elasticity  of  its  vapour  baUncing^  about  ,^j  of  tk 
pressure  of  the  air.  We  shall  afterwards  have  occssioo  to 
consider  this  matter  more  particularlj. 

As  the  medium  height  of  the  mercury  in  the  hsnoKlff 
is  29i  inches^  we  see  that  the  whde  globe  sustaiiis  spna- 
sure  equal  to  the  whole  weight  of  a  bodj  of  merany  ofdis 
height;  and  that  all  bodies  on  its  surfiuse  austain apsrtof 
this  in  proportion  to  thdr  surfaces.  An  ordjnary-JiiadmM 
sustains  a  pressure  of  several  thousand  pounds.  Bow  oomcs 
it  then  that  we  are  not  sensible  of  a  pressure  whidi  one 
should  think  enough  to  crush  us  together  ?  This  has  been 
conadered  as  a  strong  objection  to  the  pressure  of  the  air; 
for  when  a  man  is  plunged  a  few  feet  under  water,  he  is 
very  sensible  of  the  pressure.  The  answer  is  by  no  means 
so  easy  as  is  commonly  imagined.  We  feel  very  distinctly 
the  effects  of  removing  this  pressure  from  any  part  of  the 
body.  If  any  one  will  apply  the  open  end  of  a  flyiioge  to 
his  hand,  and  then  draw  up  the  piston,  he  will  find  his 
hand  sucked  into  the  syringe  with  great  force,  and  it  will 
{^ve  pain ;  and  the  soft  part  of  the  hand  will  swell  into  it, 
being  pressed  in  by  the  neighbouring  parts,  which  are  sub- 
ject to  the  action  of  the  external  air.  If  one  lays  his  hand  oo 
the  top  of  a  long  perpendicular  pipe,  such  as  a  pump  filled 
to  the  brim  with  water,  which  is  at  first  prevented  fran 
riuming  out  by  the  valve  below ;  and  if  the  valve  be  then 
opened,  so  that  the  water  descends,  he  will  then  find  Ini 
haod  so  hard  pressed  to  the  top  of  the  pipe  that  be  camnH 
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dmw  it  ewijr.  Bm  why  do  we  only  feel  dm  imgqmSUg  tS 
•pmranP  Thaw  tt  a  wmkr  instaiioe  whemn  we  do  not 
ibd  k,  aUMmgh  wo  camiot  doubt  of  its  exbleiice.  When 
a  man  goes  alowlj  to  a  great  depth  under  water  iii  a  drr* 
JBgLJieill,  we  know  m^pestionably  that  he  is  exposed  to  a 
Asw  and  very  great  pressure,  yet  he  does  not  feel  it.  But 
.thoee  fiwCe  ate  not  sufficiently  familiar  for  generel  atgu- 
Inent  The  hmnan  body  is  a  bundle  of  solids,  hard  ot 
taoft,  filled  or  ndxed  with  fluids,  and  there  are  few  or  no 
purtsofh  which  are  empty.  All  commumcate  «therby 
neseiJs  or  pores ;  and  the  whole  surface  is  a  aeve  through 
vhidi  the  insensible  persfnration  is  performed.  The  whole 
extended  surface  of  the  lungs  is  open  to  the  pressure  of  Ae 
•atmosphere ;  every  thing  is  therefore  in  equilibrio ;  and  if 
Aee  or  speedy  access  be  given  to  every  part,  the  body  wiB 
not  be  damaged  by  the  pressure,  however  great,  any  more 
than  m  wet  ^Kinge  would  be  deranged  by  plunging  it  any 
dqpidi  in  water.  The  pressure  is  instantaneously  ifiSVised 
by  means  of  the  incompressible  fluids  with  which  the  parts 
are  filled ;  and  if  any  parts  are  filled  with  air  or  other 
compresnUe  fluids,  these  are  compressed  till  their  elastici- 
ty again  balances  the  pressure.  Besides,  all  our  fluids  are 
aoquired  slowly,  and  gradually  mixed  with  that  proportion 
of  air  which  they  can  dissolve  or  contain.  The  whole  ani- 
mal has  grown  up  in  this  manner  from  the  first  vital  atom 
of  the  embryo.  For  such  reasons  the  pressure  can  occa- 
■on  no  change  of  shape  by  squeezing  together  the  flexible 
parti ;  nor  any  obstruction  by  compressing  the  vessds  or 
pores.  We  cannot  say  what  would  be  fek  by  a  man,  were 
jt  poenUe  that  he  could  have  been  produced  and  grown  up 
in  n/aeuo^  and  then  subjected  to  the  compresnon.  We  even 
lpK>w  that  any  sodden  and  considerable  diaoge  of  general 
pressure  is  v^  severely  felt.  Persons  in  a  divtng-bdl 
have  been  almost  Idlkd  by  letting  them  down  or  draning 
dwm  up  too  suddenly.  In  drawingup,  the  elastie  matters 
within  have  suddenly  swelled,  and  wt  finding  an  imme- 
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tliate  escape,  have  bunt  the  vcsaela.  Dr  HaD^  opnoD* 
ed  this,  the  blood  guihuig  out  from  hb  ean  bj  the  ca^ 
sion  of  mr  contained  in  the  internal  cavitis  of  this  aiga, 
from  which  there  are  but  very  alender  pawgw, 

A  very  important  obaervatioii  recurs  hen :  diefMHUv 
of  the  atmosphere  is  variable.  Thia  was  uhsmiAshsaa 
as  soon  as  philosophers  began  to  attend  to  the  hiiUBMtg. 
Paschal  observed  it  in  France,  and  Descartes  obsencd  k 
in  Sweden  in  16B0.  Mr  Boyle  and  others  obaenrad  ka 
England  in  1656.  And  before  this,  observers,  who  took 
notice  of  the  conoomitancy  of  these  changes  of  aerial  pro- 
sure  with  the  state  of  tlie  atmosphere,  remarked,  tint  k 
was  generally  greatest  in  winter  and  in  the  night ;  and  os- 
taudly  most  variable  during  winter  and  in  the  noitheni  i^ 
gions.  Familiar  now  with  the  weight  of  the  air,  andoos- 
sidering  it  as  the  vehicle  of  the  clouds  and  vapoury  diej 
noted  with  care  the  connexion  between  the  weather  and  tk 
pressure  of  the  air,  and  found  that  a  great  pramnre  of  tbe 
air  was  generally  accompanied  with  fair  weather,  and  a  di- 
minution of  it  with  rain  and  mists.  Hence  the  barometer 
came  to  be  considered  as  an  index  not  only  of  the  present 
state  of  the  air^s  weight,  but  also  as  indicating  by  its  varia- 
tions changes  of  weather.  It  became  a  Weather-glass, 
and  continued  to  be  anxiously  observed  witli  this  view. 
This  is  an  important  subject,  and  will  aflerwards  be  treat* 
ed  in  some  detail. 

In  the  next  place,  we  may  conclude  that  the  pressure  of 
the  air  will  be  different  in  different  places^  according  to 
their  elevation  above  the  surface  of  the  ocean  :  for  if  air  be 
an  heavy  fluid,  it  must  press  in  some  proportion  according 
to  its  perpendicular  height.  If  it  be  a  homogeneous  fluid 
of  equal  density  and  weight  in  all  its  parts,  the  mercury 
in  the  cistern  of  a  barometer  must  be  pressed  predsely  in 
proportion  to  the  deptli  to  which  that  cistern  is  immersed 
in  it ;  and  as  this  pressure  is  exactly  measured  by  the 
height  of  the  mercury  in  the  tube,  the  height  of  the  mer- 
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cory  in  the  Toricellian  tube  must  be  exactly  proportional 
to  Uie  depth  of  the  place  of  observation  under  the  surface 
of  the  atmosphere. 

The  celebrated  Descartes  first  entertained  this  thought 
(Epist.  67.  of  Fr.  III.),  and  soon  after  lum  PaschaL  His 
occupation  in  Paris  not  permitting  him  to  try  the  justness 
of  his  conjecture,  he  requested  Mr  Perrier,  a  gentleman  of 
Clermont  in  Auvergne,  to  make  the  experiment  by  ob- 
serving the  hei^t  of  the  mercury  at  one  and  the  same  time 
at  Clermont  and  on  the  top  of  a  very  high  mountain  in  the 
neighbourhood.  His  letters  to  Mr  Perrier  in  1647  are 
fltiU  extant.  Accordingly  Mr  Perrier,  in  September  1648, 
filed  two  equal  tubes  with  mercury,  and  observed  the 
hdghts  of  both  to  be  the  same,  viz.  26/g  inches,  in  the 
garden  of  the  convent  of  the  Friars  Minims,  situated  in  the 
lowest  part  of  Clermont  Leaving  one  of  them  there,  and  one 
of  the  fathers  to  observe  it,  he  took  the  other  to  the  top  ofPuy 
de  Dome,  which  was  elevated  nearly  500  French  fathoms 
abo^  the  garden.  He  found  its  hdght  to  be  23 /^  inches. 
On  his  return  to  the  town,  in  a  place  called  Foni  de  TArbre^ 
150  fashoms  above  the  garden,  he  found  it  25  inches; 
when  he  returned  to  the  garden  it  was  again  26,'',,  and  die 
perspn  set  to  watch  the  tube  which  had  been  left  said  that 
it  had  not  varied  the  whole  day.  Thus  a  difference  of  eleva- 
tion of  SOOO  French  feet  had  occasioned  a  depression  of  3^ 
inches ;  from  which  it  may  be  concluded,  that  Sk  inches  of 
mercury  weighs  as  much  as  3000  feet  of  air,  and  one-tenth  of 
an  inch  of  mercury  as  much  as  96  feet  of  air.  The  next  day 
he  found,  that  taking  the  tube  to  the  top  of  a  steeple  120 
feet  high  made  a  fall  of  one-sixth  of  an  inch.  Thb  gives 
72  feet  of  air  for  one-tenth  of  an  inch  of  mercury ;  but  ill 
agreeing  with  the  former  experiment.  But  it  is  to  be  ob* 
served,  that  a  very  small  error  of  observation  of  the  baro- 
meter would  correspcHid  to  a  great  difference  of  elevation, 
and  also  that  the  height  of  tlie  mountain  had  not  been 
measured  with  any  precision.     This  has  been  since  done 
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Paschal  puUithed  an  aooount  of  tliia  |^|j|||4tp|ipA 
(Grande  JBsp.  Mr  h  JVwftMr  dt  T  ^JIk)ir<lA  i(  ^m 
qoibkly  fepeated  m  HHqrpkMes  dT  tiMi  wirtfc  tilftSk 
it  was  repeated  in  Engbni  by  DrPiiwr  (l»WMlWi> 
Phil,);  and  in  Scolland,  h  IWi^  by  MJpflJBiWr,  patoi 
or  of  philosophy  in  tie  vmweukLy  of  Olnigniji  nhs  sk 
ssrred  the  baionieter  at  Lanark,  on  Aq  lopt  «f  aMitliili 
tock  in  Cljdesdkde,  and  on  the  top  of  Aftibnfi  8n»  A 
Edinbmgh.  He fimnd a dpipreasMa cttmamAmhitmm 
Glasgow  and  the  top  of  Tintocb,  tfmn  qonrten  tf  niM 
between  the  bottom  and  topof  Afthisr^8ent»M4Aflf« 
inch  at  the  cathedral  of  Gb^pyw  oo  the  lM%hlt  ^TMIfat 
8ee  8inclairs An  Naoa  H Magma f7ir»ninlii. §t UMki 
Stomm  CUbgMMi  Experimmiik^  and  Scbftti  3!bMi 
CWHoia. 

Hence  we  najr  derive  a  method  of 
of  mountains.  Hairing  aseortained  with, 
the  elevation  oonesponding  to  a  fidl  of  i—i  liwil  of  « 
inch  of  mercury,  which  is  nearly  90  feet^  we  have  onljrtOi 
observe  the  length  of  the  mercurial  coIuni»  4t  At  ^  'bA 
bottom  of  the  mountain,  and  to  allow  99  ftn  fiw  eicsy 
tenth  of  an  indi.  Accordingly  thia  meifaoci  hmbMl  pmo* 
tised  with  great  success :  but  it  xequiMa  am  allsitiiii  ti^ 
many  things  not  yet  oonsidered ;  suoh  nft  iht  shaafi  of 
density  of  the  meecury  by  heat  and  cold;  tb^^Mfi^  ^ 
density  of  «r,  which  are  mudi  moiw  iWfj^rkuMj  ftPW  tbt 
sameoauses;  and,  above  all,  tliechanfssief  tbd^lMtytf 
mr  ftom  its  compressibilky ;  a  change  inimafttslriiyqppgi' 
ed  with  or  dependent  on  the  vesy  okwration  w»  wiihi  «> 
measure.    Of  all  these  afiterwards. 

These  obsenrationa  give  us  the  most  af$axmlttli  iiNtPm 
of  the  disnsity  of  die  mt  and  its  qpecifie  gmtilgr*  Tl|i^  h 
but  vaguely  though  dieratly  measured  bjr  wijjgbing  m  h 
a  Madder  or  vessd.    The  wdtfK^  of  %  mwiilHllMs  tfjiPtity 
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is  80  small,  that  a  balance  sufficiently  ticklish  to  indicate 
even  verj  s«inble  fractions  of  it  is  overloaded  by  the 
iFeigfat  of  the  vessel  which  contiuns  it,  and  ceases  to  be  ex- 
act :  and  when  we  take  Beraoulli'^s  ingenious  method  of 
suspending  it  in  water,  we  expose  ourselves  to  great  risk  of 
error  by  the  variation  of  the  water^s  density.  Also  it  must 
necessarily  be  humid  air  which  we  can  examine  in  this 
way :  but  the  proportion  of  an  elevation  in  the  atmosphere 
to  the  depression  of  the  column  of  mercury  or  other  fluid, 
by  which  we  measure  its  pressure,  gives  us  at  once  the  pro- 
portion of  this  waght  or  their  specific  gravity.  Thus, 
since  it  is  found  that  in  such  a  state  of  pressure  that  the 
barometer  stands  at  30  inches,  and  the  thermometer  at  SS^j 
87  feet  of  rise  produces  one-tenth  of  an  inch  of  fall  in  the 
barometer,  the  air  and  the  mercury  being  both  of  the  freez- 
ing temperature,  we  must  conclude  that  mercury  is  10,440 
times  heavier  or  denser  than  air.  Then,  by  comparing 
mercury  and  water,  we  get  j^j  nearly,  for  the  density  of 
air  relative  to  water :  but  this  varies  so  much  by  heat  and 
moisture,  that  it  is  useless  to  retain  any  thing  more  than  a 
general  notion  of  it ;  nor  is  it  easy  to  determine  whether 
this  method  or  that  by  actual  weighing  is  preferable.  It 
is  extremely  difficult  to  observe  the  height  of  the  mercury 
in  the  barometer  nearer  than  y^,^  of  an  inch ;  and  this  will 
produce  a  diffisrenoe  of  even  five  feet,  or  ^^  of  the  whole. 
Perhaps  this  is  a  greater  proportion  than  the  error  in  weigh- 
ing. 

FrcHn  the  same  experiments  we  also  derive  some  know- 
ledge of  the  height  of  the  aerial  covering  which  surrounds 
our  globe.  When  we  nuse  our  barometer  87  feet  above 
the  surface  of  the  sea,  the  mercury  falls  about  one-tenth  of 
an  inch  in  the  hanometer :  therefore  if  the  barometer  shows 
30  inches  at  the  sea-ahore,  we  may  expect  that,  by  raising* 
it  300  times  87  feet,  or  five  miles,  the  mercury  in  the  tube 
will  descend  to  the  level  of  the  dstem,  and  that  this  is  the 
height  of  our  atmosphere.    But  other  appearances  lesji  w% 
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to  suppose  a  much  gretter  hagfat.  MeCeon  met  sen  with 
us  much  higlier  thaa  this,  and  which  yet  give  mdoubted 
indication  of  being  supported  hj  our  air.  Thoe  cut  be 
little  doubt,  too,  that  the  viobifitj  of  the  expanse  ibonre 
us  is  owing  to  the  reflection  of  the  kin'a  light  bj*  oor  ar. 
Were  the  heavenly  spaces  pofectly  transparent,  we  diould 
no  more  see  them  than  the  purest  water  through  wlucfa 
we  see  other  objects ;  and  we  see  iiem  as  we  see  ivaler 
tinged  with  millc  or  other  feeculse.  Now  it  is  easy  to  show, 
that  the  light  which  gives  us  what  is  called  twilight  must 
be  reflected  from  the  height  of  at  least  60  nules ;  for  we 
have  it  when  the  sun  b  depressed  18  degrees  bebw  our 
horizon. 

A  little  attention  to  the  constitution  of  our  air  will  ooo- 
vince  us,  that  the  atmosphere  must  extend  to  a  much  grest- 
er  height  than  SOO  times  87  feet.  We  see  firom  the  mart 
familiar  facts  that  it  is  compressible ;  we  can  squeese  it  in 
an  ox  bladder.  It  is  also  heavy ;  presang  on  the  sir  in 
this  bladder  with  a  very  great  force,  not  leas  thin  1500 
pounds.  We  must  therefore  consider  it  as  in  a  state  of 
compres^on,  existing  in  smaller  room  than  it  wouU  assume 
if  it  were  not  compressed  by  the  incumbent  air.  It  must 
therefore  be  in  a  condition  something  resembling  that  of  a 
quantity  of  fine  carded  wool  thrown  loosely  into  a  deep 
{Ht;  the  lower  strata  carrying  the  weight  of  the  upper 
strata,  and  being  compressed  by  them ;  and  so  mudi  the 
more  compressed  as  they  are  further  down,  and  only  the 
upper  stratum  in  its  unconstrained  and  most  expanded 
state.  If  we  shall  suppose  thb  wool  thrown  in  by  a  hun- 
dred weight  at  a  time,  it  will  be  divided  into  strata  of  equal 
weights,  but  of  unequal  thickness;  the  lowest  being  the 
thinnest,  and  the  superior  strata  gradually  increasing  io 
thickness.  Now,  suppose  the  pit  filled  with  air,  and  reach- 
ing to  the  top  of  the  atmosphere,  the  weigkts  of  all  the 
itrata  above  any  horizontal  plane  in  it  is  measured  by  the 

ij^t  of  the  mercury  lu  the  Tot  oeUian  tube  placed  in  that 
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fdane;  and  one-tenth  of  an  inch  <^  mercury  is  just  equal 
to  the  iragbt  of  the  lowest  stratum  87  feet  thick :  for  on 
rainng  the  tube  87  feet  from  the  sea,  the  surface  of  the 
mercur  J  will  descend  one-tenth  of  an  inch.  Baise  the  tube 
till  the  mercury  fall  another  tenth  :  this  stratum  must  be 
more  than  87  feet  thick ;  how  much  more  we  cannot  tell, 
being  ignorant  of  the  law  of  the  aire's  expansion.  In  order 
to  make  it  fall  a  third  tenth,  we  must  raise  it  through  a 
stratum  still  thicker ;  and  so  on  continually. 

All  this  is  abundantly  confirmed  by  the  very  first  experi- 
ment made  by  the  order  and  directions  of  Paschal :  for 
by  carrying  the  tube  from  the  garden  of  the  convent  to  a 
place  150  fiithoms  higher,  the  meicufy  fell  lg\  inches,  or 
1,8917 ;  which  gives  about  69  feet  8  inches  of  aerial  stra- 
tum for  j\f  of  an  inch  of  mercury ;  and  by  carrying  it  from 
thence  to  a  place  ^150  fathoms  higher,  the  mercury  fell 
IJf,  or  1,9107  inches,  wfaoch  gives  109  feet  7  inches  for 
t^  of  an  inch  of  mercury.  These  experiments  were  not 
accurately  made ;  for  at  that  time  the  philosophers,  though 
zealous,  were  but  scholars  in  the  science  of  experimenting, 
and  fumcts  in  the  art  But  the  results  abundantly  show 
this  general  truth,  and  they  are  completely  confirmed  by 
thousands  of  subsequent  observations.  It  is  evident  from 
the  whole  tenor  of  them,  that  the  strata  of  air  decrease  in 
density  as  we  ascend  through  the  atmo6{Aere ;  but  it  re- 
mained to  be  discovered  what  is  the  force  of  this  decrease, 
that  is,  the  law  of  the  air^s  expansion.  Till  this  be  done 
we  can  say  nothing  about  the  constitution  of  our  atmo- 
sphere ;  we  cannot  tell  in  what  manner  it  is  fittest  for  rais- 
ing and  supporting  the  exhalations  and  vapours  which  are 
continually  ariring  from  the  inhabited  r^ons ;  not  as  an 
excrementitious  waste,  but  to  be  supported,  perhaps  manu* 
factured,  in  that  vast  laboratory  of  nature,  and  to  be  re- 
turned to  us  in  benieficent  fshowers.  We  cannot  use  our 
knowledge  for  thef  curious,'  and  frequently  useful,  purpose 
of  measuring  the  heights  of  tnountuxa  and  teSslm^^^iyftV^i^ 
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of  extensive  regions ;  in  short,  without  an  acconte  know- 
ledge of  this,  we  can  hardly  acquire  any  arqiiflintanrp  witli 
those  mechanical  properties  which  distinguish  air  from  those 
liquids  which  circulate  here  below. 

Having  therefore  conndered  at  some  length  the  lei£i^ 
consequences  of  the  air^s  fluidity  and  gravity^  let  us  coo. 
nder  its  compressibility  with  the  same  care ;  and  thai,  com- 
bining the  agency  of  both,  we  shall  answer  all  the  purposes 
of  philosophy,  discover  the  laws,  explain  the  i^enomena 
of  nature,  and  improve  art.  We  proceed  therefore  to  con- 
sider a  little  the  phenomena  which  indicate  and  characterisf 
this  other  property  of  the  air.  All  fluids  are  elasdc  and 
compressible  as  well  as  air;  but  in  them  the  oompRs- 
sibility  makes  no  figure,  or  does  not  interest  us  while  ve 
are  considering  their  pressures,  motions,  and  impulsioos. 
But  in  air  the  compressibility  and  expansion  draw  our  chief 
attention,  and  make  it  a  proper  representative  of  this  dass 
of  fluids. 

Nothing  is  more  familiar  than  the  compressibility  of  air. 
It  is  seen  in  a  bladder  filled  with  it,  which  we  can  forcibly 
squeeze  into  less  room  ;  it  is  seen  in  a  syringe,  of  which  we 
can  push  the  plug  farther  and  farther  as  we  increase  the 
pressure. 

But  these  appearances  bring  into  view  another,  and  the 
most  interesting,  property  of  ur,  viz.  its  elasticiiy.  When 
we  have  squeezed  the  air  in  the  bladder  or  syringe  into  less 
room,  we  find  that  the  force  with  which  we  compresad  it 
is  necessary  to  keep  ii  in  this  bulk ;  and  that  if  we  cease  to 
press  it  together,  it  will  swell  *out  and  regain  its  natural 
^Umensions.  This  distinguishes  it  essentially  from  such  a 
Jhody  as  a  mass  of  flour,  salt,  or  such  like,  which  remain  in 
the  compressed  state  to  which  we  reduce  them. 

There  is  therefore  something  which  opposes  the  com- 
pression difierent  from  the  simple  impenetrability  of  the 
,  there  is  something  that  opposes  mechanical  force ; 
is  something  loo  wVi\eVv  ^Todwc^A  xsK^tion^  not  only  re- 
ft 
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sisting  cotnpresfflon,  but  pushing  back  tlie  compressing 
body,  and  communicating  motion  to  it.  As  an  arrow  is 
gradually  accelerated  by  the  bow-string  pressing  it  forward, 
and  at  the  moment  of  its  cUscharge  is  brought  to  a  state  of 
rapid  motion ;  so  the  ball  from  a  pop-gun,  or  mnd-gun,  is 
gradually  accelerated  along  the  barrel  by  the  pressure  of 
the  air  during  its  expannon  from  its  compressed  state,  and 
fintdly  quiis  it  with  an  accumulated  velodty.  These  two 
motions  are  indications  perfectly  idmilar  of  the  elasUdty  of 
the  bow  and  of  the  air. 

Thus  it  appears  that  air  is  heavy  and  elastic  It  needs 
little  consideration  to  convince  ud  in  a  Vague  mamier  that 
it  is  fluid.  The  ease  with  which  it  is  penetrated^'  and  dri- 
ven about  in  every  direction,  and  the  motion  of  it  in  jnpes 
and  channels,  however  crooked  and  intricate,  entitle  it  to 
this  character.  But  before  we  can  proceed  to  deduce  con- 
sequences from  its  fluidity,  aiid  to  ofler  them  as  a  true  ac- 
count of  what  will  happen  in  these  drcumstances,  it  is  ne< 
ccssary  to  exhibit  some  distinct  and  rimple  case,  in  which 
the  characteristic  mechanical  property  of  a  fluid  is  clearly 
and  unequivocally  observed  in  it.  That  property  of  fluids 
from  which  all  the  laws- of  hydrostatics  and  hydraulics  are 
derived  with  strictest  evidence  is,  that  any  pressure  applied 
to  any  part  of  them  is  propagated  through  the  whole  mass 
in  every  direction  ;  and  that,  in  consequence  of  this  difliision 
of  pressure,  any  two  external  forces  can  be  put  in  equilibriu 
by  the  interposition  of  a  fluid,  in  the  same  way  as  they  can 
be  put  in  equilibrio  by  the  intervention  of  any  mechanical 
engine. 

Let  a  close  vessel  ABC  (Fig.  7.),  of  any  form,  have 
two  upright  pipes  EDC,  GFB,  inserted  into  any  parts  of 
its  top,  sides,  or  bottom,  and  let  water  be  poured  into 
them,  so  as  to  stand  in  equilibrio  with  the  horizontal  sur- 
faces at  £,  D,  G,  F,  and  let  D  d,  F^  be  horizontal  lines, 
ii  Tiritt  hejbund  that  the  height  of  the  column  E  rf,  b 
sensibly  equal  to  that  uf  the   column  G  .      This  is  a 


ihotiammdlj  fibitrvid  ia  irbit^^  wqr  dw  p^m  an  in* 

Mwr  Ih^  wrface  of  the  waltg  al  D  JB  nadiwhtrd^ 
ad  vpnuds  with  a  fixncte'  equal  to  a  oihim  of  water,  hav- 
ujgnka  Huftoa  fivka  baiey  andEdftr  ila  Ugjbfc;  it  is 
thfliriiM  foefaiiltd  finm  lilaagr^faj  taM  ap|«ite  fevoe. 
TUl €iE  braollMg but  the  olaakMky «r. the ooofiiiBd air 
paiarii^bdomt  Thftwrfaaina  ttaqg  ara*  ba  iaid  of 
Hw'fliaftta  afcP«  and  thua  tBaia  aie  twoacttcmal  pna- 
auicaat  D  and  F  set  in  eqaiKfarb  bf  tha  Inlaipe^ 
alniMilAefbaaaaMrlad^oMtfiaaiKteaD^  byOwpmaQre 
dBriiia^aehpnB? 'Bi^.  iai  ilwiaaftiBa  ^  |«ipagaliid  '4dk  die  aui^ 
ft*  M'.FV  and  thus  aar  iM'^Ab  cbnaolariitic.'iniak  of 
lail|t}u  ].  \  ■  ■  '.:  .  .'j;.  I  .■ 

r  iif|lw«zpariBunt  ifaa  aMl^fi^^ 
wkii 4ha ^Phssd is>flC  (■Mdlnae^  and laa-no sanifak share 
mAiifraiSTa  wdatgat  D  and  g>  .  But  if  theahfaticm 
'^tuiha  |ioint  F  abone  B  is  vary  graat  >  to  j  coliMHn  E  d  witt 
wMafiiMi  aauib^  to  Mcecd  tha  oolnaafe  Qy^.i.Xhus  if 
F'ba  70  feet  bigbsr  than  U,  E  d  will  be  an  indi  longer 
than  the  column  O/*:  for  in  this  case  there  is  reacting  at 
Hi  not  only  the  pressure  propagated  from  F,  but  ako  the 
weight  of  a  oolumn  of  air,  baying  the  surface  at  D  for  its 
base  and  70  feet  high.  This  is  equal  to  the  wei^t  of  a 
cdumn  of  water  one  inch  high. 

^  It  is  by  this  propagation  of  pressure,  this  Jbddiiff^  that 
the  peUet  is  discharged  from  a  diild^s  pop>gun.  It  sticks 
£ut  in  the  muzzle ;  and  he  forces  in  another  pelkt  at  the 
other  end,  which  he  presses  forward  with  the  rammer^  con- 
densing the  air  between  them,  and  thus  propagating  to  the 
t>ther  pellet  the  pressure  which  he  exerts,  till  the  friction  is 
overcome,  and  the  pellet  is  discharged  by  the  air  expand- 
ing and  following  it. 

There  is  a  pretty  philosophical  plaything  which  illus- 
trates this  property  of  air  in  a  very  perspicuous  iooanner, 
and  which  we  shall  afterwards  have  oocanon  to  consider  as 
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eoBvcrled  iatoamoife  uiefU  faydfwilio  miMiBiie.  Thts  u 
what  18  umiatty  called  Hero^sfiumkin^  baving  been  inyent- 
cd  bj  a  Synvaiaii  of  tbot  imumi.  It  oooeiata  cf  two  Tea- 
sels KLMN  (Fig&),  OPQR,  wbkb  ate  dose  on  all  sides. 
A  tube  ABi  baviqg  a  fumid  a-tofs  panea  tfarou^  the  up- 
pennost  tssscI  witkout  coammmtcatiiig  with  it,  being  sd- 
defed  iato  its  top  and  botton-  It  dba  passe  a  through  the 
top  of  the  undeiw^Fassel)  where  it  is  dso  soldered,  and 
reaches  almost  to  its  botCom.  This  tnbe  \k  open  at  both 
ends.  There  is  another  open  tube  ST,  which  is  soldered 
into  the  top  of  the  ander-Ttssel  and  theibottom  of  the  up- 
pop^mssel,  and  leaohes  almost  to  its  to^  These  two  tubes 
seiwealaotosiippQvttbeapper.^ssseL  A  tldrd  tube  GF  is 
soldered  into  the  top  of  the  upper  vessel,  and  reacheii  almost 
toitabottom.  TUstubeisopenat  both  ends,  but  the  orifice 
6  is  Toy  small  Now  suppose  the  nppennosf  vessel  filled 
with  water  to  the  height  BN,  Br  b^g  its  surface  a  little 
below  T.  Stcq>  the  orifioe  G  with  the  finger,  and  pour  in 
water  at  A-  This  will  descend  through  AB,  and  compress 
the  air  in  OQBP  into  lett  room.  Suppose  the  water  in 
the  under  vessel  to  have  acquired  the  surface  C  c,  the  air 
which  formerly  occupied  the  whole  of  the  spaces  OPQR 
and  KLe £  will  now  be  contained  in  the  spaces  o P  o  C 
and  KL  0  E ;  and  its  elastici^  will  be  in  equilibrio  with  the 
weight  of  the  column  of  water,  whose  base  is  the  surfixre 
£  e^  and  whose  height  is  Ac  As  this  pressure  is  exerted 
in  every  part  of  the  air,  it  will  be  exerted  on  the  surface 
£#  of  the  water  of  the  upper  vessel ;  and  if  the  pipe  FG 
were  continued  upwards,  the  wator  would  be  supported  in 
it  to  an  height  s  H  above  £  #,  equal  to  A  c.  Therefore  if 
the  finger  be  now  taken  fiom  off  the  orifioe  G,  the  water 
will  spout  up  to  the  same  height  as  if  it  had  been  immedi- 
atdy  finrced  out  by  a  ccdumn  of  water  A  c  ndthout  the  in- 
tervention of  the  air,  that  is,  nearly  to  EL  If  instead  of 
the  fiinnel  at  A,  the  vessel  have  a  brim  which  will  cause 
the  water  discharged  at  G  to  run  down  the  pipe  AB»  this 
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Ibiuiinn  wi)]L|4i|r  till  aHttiw. 

apraded.    Tbeopenokm  of  tUi^iet^NipCvMai^Srhi 

better  iiDckntDod  faxaL  Fub^Mbiob. 
will. ^^  IB  pqdGfift^  «qiifcf«kf^ 

md  thg  rtinidflniBtitTii  iB.lnfldB  iiL  IhttimMMMMlMflMMB* 

^^^^^  ^"^^  ^^'^iw^^^*^^;^^^^**  ^^(^"^^1^^  ^^^  ^  ^^  ^^^p^^^^*g"^^^^*^^^y  Mill' 

)9MiiQe«t^tejthe,j)pwci^;tt  tW^bgt^ai,  <aCitNi  nliw^ly ^ 

cniwpqyepcqi.w^ll/be  jpfaiair«d(4a  iJl  a<^fHMwii  iHi 
ihtll  in  flit  HIT  iiilwirituff   in  uliiniif  Mi¥  1 

Auid  iri|0||9  jrfiiglAt^  «qiMl  to  Uh*.  fim» : 
di0%i^i^.jgii^  wbat  .will  bsi  lh» 
this  lfa^4iQMtiq  prewn^  we  aUU  delccBUQft4{Mip»4b 
phenoinena  in  air;,,  and  in.  cases  where,  the  dteorf  Ami 
not  ^QfiA^  lis  to  say  with  precuuon  what  is.  die  cfiedoC 
this  p^ressu^e,  experi^yipe  ii^brms  us  in  the  ctae  of  water, 
and  analogy  enable  \V»  to  tnuiafer  this  to,  air.  We  diaD 
find  tb)8,of  great  service  in  some  cases»  whidi  olhama 
are  almost. deqpejTfyte .in  the  preaent. state  of  our  ksov* 
ledge.     ,.,  . 

Fnmi  such  familiar  and  simple  obaervatioDa  aodeqNA- 
menU,  the  Quidify^  the  heaviness,  and  tlBatirily»  aie  diso^ 
▼ered  of  th0  subst^Qce  with  which  wa.aie  sumHUidedL  sod 
which  we  call  air.  . .  3ut  to  understand  theae  .pnqpeities,*  and 
completely  to  explain  their  numerous  and  important  €odi»' 
quences,,  we.  must  call  in  the  aid  of  more  refined  obsenap 
tions  and  experiments  which  even  this  scanty  knowledge  cf 
them  enablesus  to  make ;  we  must  contrive  some  methods 
of  produduig  with  precision  any  degree  .of.  ixmlensatim  ar 
rarefaction^  of  empby  ing  or  excluding  the  gravitatiiig  pM* 
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yare'oS  air,  and  of  modifying  at  pkasure  the  action  of  aH 
ts  mwiianical  propeitKB. 

Nothing  can  be  more  obvious  than  a  method  of  com- 
pressing a  quantity  of  air  to  anj  degree.  Take  a  cylinder 
JT  prismatic  tube  AB  (Fig.  10.)  shut  at  one  end,  and  fit 
;t  with  a  piston  or  phig  C,  so  moely  that  no  air  can  pass  by 
its  sides.  This  will  be  best  done  in  a  cylindric  tube  by  a 
turned  stopper,'  covered  with  oiled  leather,  and  fitted  with 
a  long  handle  CD.  When  Ais  is  thrust  down,  the  air 
whidi  fonnerly  occupied  the  whole  capacity  of  the  tubis  is 
eomknaed  into  less  room.  The  foioe  necessary  to  produce 
any  d^ree  <}f  comixesrion  mqr  be  concluded  ficom  the 
weight  necessary  fiir  pushing  down  the  jdug  to  any  depth. 
But  this  instrument  leaves  us  little  opportunity  of  making 
interesting  experiment*  on  or  in  this  condensed  air ;  and 
the  force  required  to  make  anj  degree  of  compression  can» 
not  be  measured  inth  much  accunuT* ;  because  the  piston 
must  be  very  close,  and  have  great  fiiction,  in  order  to  be 
sufficiently  tight:  and  as  the  compresanon  is  increased, 
the  leather  is  more  squeezed  to  the  aide  of  the  tube ;  and 
the  proportion  of  the  external  force,  which  is  employed 
merely  to  overcome  this  variable  and  uncertain  friction,  can^ 
not  be  ascertained  with  any  tollable  precision.  To  get  rid 
of  these  imperfections,  the  following  addition  may  be  made 
to  the  instrument,  which  then  becomes  what  is  called  the 
condenrinff  sjffinge. 

The  end  of  the  syringe  is  perforated  with  a  very  small 
hole  e/^;  and  being  externally  turned  to  a  small  cylinder, 
a  narrow  slip  of  Uadder,  or  of  thin  leather,  soaked  in  a 
mixture  of  <nl  and  tallow,  must  be  tied  over  the  hole. 
Now  let  us  suppose  the  jnston  pushed  down  to. the  bottom 
of  the  barrel  to  which  it  applies  dose ;  when  it  is  drawn 
up  to  the  top,  it  leaves  a  vmd  behind,  and  the  weight  of 
the  external  air  presses  on  the  slip  of  bkdder,  which  there- 
sore  claps  dose  to  the  brass,  and  thus  performs  the  part 
of  a  valve,  and  keeps  it  dose,  so  that  no  air  can  enter. 


554.  FNBtnuffiMi 

F  in  the  nde  of  it  is  just  betow  the  fiMp^  ad  the  air 
nMhasduiHi^lhis  lufendilb  theilMaM  Moiirposh 
dM:  pistoo  dovki  tigmn^  it  inMadittdy  fmmm  the  hole 
Wf  3md  V0 aireBapee throog^  it?  it  Acictee  ftlcia open 
^miiemji  aadescifaairfaie  thgJ^><m  «0«?a  t»  the 

Now  kt  B  be  my  nmAj  makf$Mm^f^m§  hoibtB^  'imcmg> 
hevMNftb  Aumshedt  «ith  a  biasiiitp/finiityioameatad  to  kf 
hatiiig^alidbr  icmpiirfaidi  fitaia  salvl  mtv/rp^^  turned 
oBctfaacgiindibooBBle-atf  theiayrini^  flared  th^ufiiiy 
iaia  Aigftti|R,  and  itis  eiMsai  tiaifc<wrpir  faniid  em  rf  the 
afriageiriM  be  aoeamuktai  fa  idui'eaMel:  4iriipHi  dianr- 
]i|gii|i>the^pisiao  the  '^ehe^  Araya^dbuta  by  the  ibaiiuil j 
dr<»|jadiiigfiHiiioftheairiBiByadi^o»yidiuyi>doiim 
Ugamj'the  tpahrewBl  opca  aataxm'aa  the  fiMofi  has  got  aa 
fhv  dbjvrn  diat4he<iuriB  the  faMf»  parti  tifilHrtMnliaaMiie 
pdaerfU  Ifaaa  the  ab^  alttady  hi  dtd^msssh-^'lghnaat  etary 
atraheaaaddBtiDBal  barrelf  ul  of  air  htt  be^lfateed;  faila  the 
iNsBsel  E;  and  it  will  be  feund^  that  after efery  stroke  the 
pston  must  be  farther  pushed  down  before  the  Talre  will 
open.  It  cannot  open  tiU  the  pressure  arising  from  the 
ehttticity  of  the  air  condensed  in  the  bartri  is  superior  to 
the  eb^ticity  of  the  air  condensed  in  the  vessel ;  that  is, 
till  the  condensation  of  the  first,  or  its  density,  is  $omewhat 
greater  than  that  of  the  last,  in  order  to  oreroome  the 
atrsining  of  the  valve  on  the  bde  and  the  sticking  occasion- 
ed by*  the  ekmniy  matter  empbysd  to  make  it  air-tight. 

Sometimes  the  syringe  is  constructed  with  a  valve  in  the 
]faston.  This  piston,  instead  of  being  of  one  pieee  and  so- 
lid,.  consists  of  two  pieces  perfiomted.  l%e  upper  part 
ihnm  is  coonectod  with  the  rod  or  handle,  and  has  its 
lower  part  turned  down  to  a  small  cylinder,  which  is  screw- 
ed into  the  lower  part  klon;  and  has  a  perforation^ A 
goii^  up  La  the  axis,  and  terminating  in  a  hole  h  in  one  side 
of  the  rod,  a  piece  of  oiled  leather  is  strained  across  the 
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hole  g.  When  the  piston  is  drawn  up  and  a  toid  left  be* 
low  it,  the  weight  of  the  external  ak  foreea  k  tlMough  the 
hole  h  ffj  opens  the  valve  g^  and  fiUs  the.  harreL  Then, 
on  pushing  down  the  piatcn,  the  air  being  lacjneesBd  into 
less  room,  presses  on  die  valve  g^  shuts  it;  and  none^i* 
caping  throu^  the  pistoo,  it  is  graduallj  oondcnsad  aa  the 
piston  descends  till  it  opens  the  valve^  and  is  addpd  to 
that  already  accumukted  in  the  vessel  £. 

Having  in  this  manner  forotd  a  quaati^  of  lar  into  the 
vessel  £,  we  can  make  manj  experimenta  la  it  ia  this  stale 
of  eondensation.  We  are  chiefly  ooneemed  at  pnMOt  with 
the  effect  which  this  produces  on  its  eksticitj.  We  see 
this  to  be  greatly  increased ;  for  we  find  more  and  mwe 
force  required  for  introdudng  €ivery  sucoessftii'barrdfuL 
When  the  syringe  is  unscrewed,  ^6  See  the;  aov  Tosh  out 
with  great  violence,  and  every  indioation  of.  great  expand^ 
ing  force.  If  the  syringe  be  connected  with  the  vessel  XS 
in  the  same  manner  as  the  syringe  in  No  17|  vie.  by  inters 
posing  a  stop^cock  B  between  them  (see  Fig.  &),  and  if 
this  stop-cock  have  a  pipe  at  its  extreaiity,  reaehing  ncibr 
to  the  bottom  of  the  vessd,  which  is  previously' half  filled 
with  water,  we  can  observe  distinctly  when  the  elastidty  o( 
the  air  in  the  syringe  exceeds  that  of  the  air  in  the  receivers 
for  the  piston  must  be  pushed  do«m  a  certain  length  befbee 
the  air  from  the  syringe  bubbles  up  throu^  die  water,  and 
the  piston  must  be  further  down  at  each.^luseeBsive'Stroke 
before  this  appearance  is  obsecVecL  Whep  the  air  baa  thua 
been  accumulated  in  the  receiver,  it  presses  die  sides  of  it 
outward,  and  will  burst  it  if  not  strong  enough.  It  also 
presses  on  the  surface  of  the  water ;  and  if  we  now  shut  the 
cock,  unscrew  the  syringe,  and  open  the  codi  i^gain,  the 
air  will  force  the  water  through  the  pipe  with  great  velo> 
dty,  causbg  it  to  rise  in  a  beautiful  jet  When  a  metaL- 
receiver  is  used,  the  condensation  may  bepushed  to  a  great 
length,  and  the  jet  will  then  rise  to  a  great  height ;  which 
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gradaallj  dimimflhes  as  the  water  is  ea^iemiBj  aiidnai 
given  to  the  «r  to  expimd  itself.    See  tlii%iiie. 

Wejudgeofthe  oobdaustion  of  ttr-nAevenel  Elf 
the  nnmber  of  BtiolM  and  die  proportion  of  Aectpsot^ 
the  syrihge  to  that  of  the  yemL  Suppose  Aefaltobi 
one-tenth  of  the  hot ;  then  we  know,  thetdbrlOtab 
the  quantity  of  w  in  the  ttesd  is  ddubie^  jnd  theRle 
its  density  double,  and  so  on  rafter  maj  nomber  of  ttmhs 
Let  the  capacity  of  the  syiinge  (when  the  pistim  ii  Am 
to  the  top)  be  a,  and  that  of  the  veasel  be  b,  and  theaoi- 
her  of  strokes  ben,  the  deniilj  of  the  sir  inAevoKlil 

But  this  is  on  tlie  supposition  that  Am  pisln  aDBanld|f 
fills  liie  barrel,  the  bottomfof  the  one  sippljingdositDtU 
of  the  other,  and  that  iw:  force  is  siepe8Si^fira|Mig 
dther  of  the  valves:  but  the  frst  cannot  be'ensnred,*! 
the  last  is  very  far  from  bong  true.  In  tile  oonstradios 
now  described,  it  will  require  at  least  one-twoiliedi  part  of 
the  ordinary  pressure  of  the  air  to  open  tibe  piiton  vahc: 
tberefcnre  the  air  which  gets  in  will  want  ist  least  thb  pro- 
portion of  its  ooni{dete*elasticity ;  and  there  »  alvajra  a  »- 
milar  part  of  the  elasticity  employed  in  opening  the  nonk 
valve.  The  condensation  therefore  is  never  nesxly  eqol 
to  what  is  here  determined. 

It  is  accurately  enough  measured  by  a  gi^  fitted  to  Ae 
instrument  A  glass  tube  OH  of  a  cjlindric  boi^  ad 
dose  at  die  end,  is  screwed  into  the  side  of  die  c^  on  dx 
mouth  of  the  vessel  £.  A  small  drop  of  water  or  sMcnrj 
is  taken  into  this  tube  by  warming  it  a  little  in  the  hod, 
which  expands  the  contained  lur,  so  that  when. die cfss 
end  is  dipped  into  water,  and  the  whole  allowed  tt^oool, 
the  water  advances  a  little  into  the  tube.  The  tube  ii  for* 
nished  with  a  scale  divided  into  small  equal  parts,  snfli- 
bered  from  the  close  end  of  the  tube.  Since  this  tube  coo- 
municates  with  the  vessel,  it  is  evident  that  the  ooodenn- 


rNKtiMATics.  557 

'  tion  will  force  the  water  along  the  tube^  acting  like  a  |a8- 
ton  on  the  lur  beyond  it,  and  the  air  in  the  tube  and  vessel 
.  will  always  be  of  one  density.  Suppose  the  number  at 
which  the  drop  stands  before  the  condensation  is  made  to 
.  lie  c,  and  that  it  stands  at  d  when  the  condensation  has  at- 
tuned the  degree  required,  the  dentnty  of  the  ur  in  the  re- 
mote end  of  the  gage,  and  consequently  in  the  vessel,  will 

be- 

Scmietimes  there  is  used  any  Int  of  tube  close  at  one  end, 

having  a  drop  of  water  in  it,  simply  Ud  into  the  vessel  £, 

and  furnished  or  not  with  a  scale :  but  this  can  only  be 

^med  with  glass  vessels,  and  these  are  too  weak  to  resist  the 

L^  pressure  arinng  from  great  condensation.    In  such  experi- 

i^ .  ments  metalline  vessels  are  used,  fitted  with  a  variety  of 

;  ^'apparatua  for  different  experiments.     Scnne  of  these  will  be 

occasionally  mentioned  afterwards. 

„■    It  must  be  observed  in  this  place,  that  very  great  con- 
densations require  great  force,  and  therefore  small  syringes. 
It  is  therefore  convenient  to  have  them  of  various  sizes,  and 
to.  begin  with  those  of  a  laiger  diameter,  which  operate 
I  .  more    quickly ;   and  when  the  condensation  becomes  fa- 
'    tigiung,  to  change  the  syringe  for  a  smaller. 

for  this  reason,  and  in  general  to  make  the  condensing 
apparatus  more  convenient,  it  is  proper  to  have  a  stop-cock 
juiterposed  between  the  syringe  and  the  vessel,  or,  as  it  is 
Visually  called,  the  receiver.  This  consists  of  a  brass  pipe, 
which  has  a  welL-ground  cock  in  its  middle,  and  has  a  hd- 
low.  screw  at  one  end,  which  receives  the  nozzle  screw  of 
the  syring,  and  a  solid  screw  at  the  other  end,  which  fits 
the  screw  of  the  receiver.  See  Fig.  3. 
.  By  these  gages,  or  contrivances  similar  to  them,  we  have 
been  able  to  astertain  very  great  degrees  of  condensation 
in  the  course  of  some  experiments.  Dr  Hales  found  thift 
when  dry  wood  was  put  into  a  strong  vessd,  which  it  al- 
most filled,  and  the  remainder  was  filled  witVi  waXjet^  ii)^<^ 


bulk.  Tbii  IB  the  greatest  condenastion  thst 
GOtaued  with  precinon,  although  io  other  a 
haa  certainty  been  carried  much  &rther ;  bul 
degree  could  not  be  ascertained. 

The  only  use  to  be  made  of  this  obserratio 
is,  that  since  we  have  been  able  to  exhitnt  air 
a  thousand  times  greater  tlian  the  ordinsry  d 
air  we  breathe,  it  cannot,  aa  some  imagiiK^  b 
ferent  form  of  water ;  for  in  this  stale  it  U  a  d 
ser  than  water,  and  yet  retains  its  great  expam 

Another  important  observation  is,  that  in  ei 
dennty  in  which  we  find  it,  it  retains  its  psl 
transmitting  all  pressures  which  are  applied  to 
diminished  force,  as  appears  by  the  equality  ao 
•erred  between  the  opposing  columns  of  Ml 
fluid  by  which  it  is  comj^essed,  and  by  Um  i 
which  all  motions  are  perfonned  in  it  in  the  mM 
ed  states  in  wliich  we  cau  make  obsemttioitt  i 
This  fact  is  totally  incompatible  with  the  am 
who  asmbe  the  elasticity  of  air  to  th«  i 
atnictura  of  it£  g 
niaoasof  st) 
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x»  another  in  an  imperfect  manner,  and  with  great  diminui^ 
tjoii  of  its  intennty,  but  will  no  more  be  fluid  than  a  maw 
sf  loft  day.  It  will  be  of  use  to  keep  this  observation  in 
mind. 

We  have  seen  that  air  is  heavy  and  oompressible,  and 
Bnght  now  proceed  to  deduoe  in  order  the  explanation  of 
die  appearances  consequent  on  each  of  these  properties. 
But,  as  has  been  already  observed,  the  elasticity  of  air  mo- 
difies the  eflects  of  its  gravity  so  remarkably,  that  they 
would  be  imperfectly  understood  if  both  qualities  were  not 
oombined  in  our  oonsideraUon  of  either.  At  any  rate,  some 
farther  consequences  of  its  elasticity  must  be  considered, 
befiare  we  understand  the  means  of  varying  at  pleasure  the 
effects  of  its  gravity. 

Since  «r  is  heavy,  the.  lower  strata  of  a  mass  of  air  must 
Buppcnt  the  ujqper ;  and,  being  compressible,  they  roust  bei 
oondensed  by  their  weight  In  this  state  of  ccmipressioa 
the  elastidty  of  the  bwer  strata  of  air  acta  in  opposition  to 
die  weight  of  the  incumboit  air,  and  balances  it.  There  is 
no  reason  which  should  make  us  suppose  that  its  expand- 
ing force  belongs  to  it  only  when  in  such  a  state  of  com- 
pression. It  is  more  probable,  that,  if  we  could  free  it 
from  this  pressure,  the  idr  woukl  expand  itself  into  still 
greater  bulk.  This  is  most  distinctly  seen  in  the  following 
experiment : 

Into  the  cylindric  jar  ABCD  (Fig.  11.),  which  has  a 
■nail  hole  in  its  bottom,  and  is  itmiisbed  with  an  air-tight 
piston  £,  pnt  a  smaU  flaccid  bladder,  having  its  mouth 
tied  tight  with  a  string.  Having  pushed  the  piston 
near  to  the  bottom,  and  noticed  the  state  of  the  Uadder, 
slop  up  the  hole  in  the  bottom  of  the  jar  with  the  finger, 
and  draw  up  the  piston,  whicfa  wUl  require  a  oonsidendile 
farce.  You  will  obsorve  the  bladder  swell  out,  as  if  air 
had  been  blown  into  it ;  and  it  will  again  ocdlapse  <m  allow-. 
ing  the  pston  to  descend.  Nothing  can  be  more  unex- 
ceptionable than  the  conclusion  from  this  experiment,  that 
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oidinary  air  is  in  a  stote  of  oompreaakin,  an^ 
city  is  not  limited  to  this  state.  The  bladder  being  flacdd, 
shows  that  the  included  air  is  in  the  same  state  vith  the  air 
which  surrounds  it ;  and  the  same  must  be  affirmed  of  it 
while  it  swells  but  still  remains  flaond.  We  must  oooclu^ 
that  the  whole  air  within  the  vessel  expands,  and  oontnua 
to  fill  it,  when  its  capacity  has  been  enlarged.  And  anoe 
this  is  observed  to  go  on  as  long  as  we  give  it  more  room, 
we  conclude,  that  by  such  experiments  we  have  not  jet 
given  it  so  much  room  as  it  can  occupy. 

It  was  a  natural  object  of  curiosity  to  discover  the  limits 
of  this  expansion ;  to  know  what  was  the  natiual  uooon- 
strained  bulk  of  a  quantity  of  mr,  beyond  which  it  would 
not  expand  though  all  external  compressing  force  were  re- 
moved. Accordingly  philosophers  constructed  instniments 
for  rarefying  the  air.  The  common  water-pump  had  been 
long  familiar,  and  appeared  very  proper  for  this  purpose. 
The  most  obvious  is  the  following : 

Let  the  barrel  of  the  syringe  AB  (Fig.  12.)  communicate 
with  the  vessel  V,  with  a  stop-cock  C  between  them.  Let 
it  communicate  with  the  external  air  by  another  orifice  D, 
in  any  convenient  situation,  also  furnished  with  a  stop-cock. 
Let  this  syringe  have  a  piston  very  accurately  fitted  to  it, 
so  as  to  touch  the  bottom  all  over  when  pushed  down,  and 
have  no  vacancy  about  the  sides. 

Now  suppose  the  piston  at  the  bottom,  the  cock  C  (^^ 
and  the  cock  D  shut,  draw  the  piston  to  the  top.  The  ur 
which  filled  the  vessel  V  will  expand  so  as  to  fill  both  that 
vessel  and  the  barrel  AB  ;  and  as  no  reason  can  be  given 
to  die  contrary,  we  must  suppose  that  the  air  will  be  uni- 
formly diffused  through  both.  Calling  V  and  B  the  capip 
city  of  the  vessel  and  barrel,  it  is  plain  that  the  bulk  (rf^tbe 
air  will  now  be  V  +  B  ;  and  since  the  quantity  of  matter 
remains  the  same,  and  the  density  of  a  fluid  is  as  its  quan- 
tity of  matter  directly  and  its  bulk  inversely,  the  density  of 
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V 
the  expanded  idr  iriil  be  y  _[■  ^,  the  deteitf  of  atmmpa 

ahr  being  1:  for  V  +  B:V  =  1  :^-^. 

The  jnston  requires  force  to  nuse  it,  and  it  is  nited  in 
oppoatioQ  to  the  prenure  of  the  incumbent  atmosphere ; 
for  this  had  fbrmerlj  been  balanced  by  the  elastidtjr  of  the 
common  air:  and  we  conclude  from  the  fact,  {hatjbrce  is 
reared  to  raise  ihepiUkm,  that  this  elasticity  of  the  ex- 
panded  air  is  less  than  that  of  air  in  its  ordinary  state ;  and 
an  accurate  obserration  of  the  force  necessary  to  raibe  it 
would  show  how  much  the  elastidty  is  ifiminished.  When 
therefore  the  piston  is  let  go,  it  will  descend  as  lattg  as  the 
pressure  of  the  atmosphere  exceeds  the  elasticity  of  the  ur 
in  the  barrel ;  that  is,  titf  the  air  hi  the  barrel  is  m  a  stale 
of  ctfdinary  density.  T6  put  it  further  down  will  require 
fofrce,  because  the  air  nMst-be  compresBed  in  the  banrd; 
but  if  we  now  opeh  the  coek  D,  the  air  will  be  expdlad 
through  it,  and  the  instdH  in\l  reach  the  bottom. 

Now  shtit  the  discTiirging  cock  D,  and  op^  the  cock 
C,  and  draw  up  the  piston.     The  air  wUch  occupied  the 

space  V,  with  the  density  y  ,  ^,  will  now  occupy  the 

space  V  +  B,  if  it  expands  so  far.     To  have  its  den- 
sity D,  say,  As  its  pcsent  bulk  V  +  B  is  to  its  former 

V 

bulk  V,  so  is  its  former  density  y  ,  ^  to  its  new  den- 

V  X  V 

sity  ;    which   will   therefore  be     ^,   .   -, — ¥?=T=5"»  ^ 
■^  V  +  BxV  +  B, 


V  +  B 

It  is  evident,  that  if  the  air  continues  to  expand,  the 
density  of  the  ur  in  the  vessel  after  the  thu^  drawing  up 

T 


of  the  piston  will  be  y  J^  J»  ^fter  the  fourth  it  will  be 
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V  r 

,  and  after  aoy  number  of  strokes  n  will  be        A 

Thus,  if  the  vessel  is  four  times  as  large  as  tbe  bsml,  the 
density  after  the  fifth  stroke  will  be  Hfly  Deariy^ofits 
ordinaiy  density. 
On  the  other  hand,  the  number  n  of  strokes  neoesMvy  for 

Loir  D 

reducing  air  to  the  density  D  is  Log  v_][^(v  4.3)' 

Thus  we  see  that  this  instrument  can  never  abstract  the 
whole  air  in  consequence  of  its  expansion,  but  only  nxetj 
it  continually  as  long  as  it  continues  to  expand  ;  nay,  there 
is  a  limit  beyond  which  the  rarefaction  cannot  go.  When 
the  pston  has  reached  the  bottom,  there  remains  a  small  space 
between  it  and  the  cock  C  filled  with  common  air.  When 
the  piston  is  drawn  up,  this  small  quanUty  of  air  expands, 
and  also  a  «milar  quantity  in  the  neck  of  the  other  oock; 
and  no  air  will  come  out  of  the  receiver  V  till  the  air  expand- 
ed in  the  barrel  is  of  a  smaller  den»ty  than  the  air  in  tbe 
receiver.  This  circumstance  evidently  directs  us  to  make 
these  two  spaces  as  small  as  possible,  or  by  some  contriv- 
ance to  fill  them  up  altogether.  Perhaps  this  may  be  done 
effectually  in  the  following  manner : 

Let  BE  (Fig.  13.)  represent  the  bottom  of  the  barrel, 
and  let  the  circle  HKI  be  the  section  of  the  key  of  the 
cock,  of  a  large  diameter,  and  place  it  as  near  to  the  barrel 
OS  can  be.  Let  this  communicate  with  the  barrel  by  means 
of  an  hole  FG  widening  upwards,  as  the  frusttmi  of  a 
hollow  obtuse  cone.  Let  the  bottom  of  the  piston  bfhge 
be  shaped  so  as  to  fit  the  bottom  of  the  barrel  and  this 
hole  exactly.  Let  the  cock  be  pierced  with  two  holes. 
One  of  them,  HI,  passes  perpendicularly  through  its  axb, 
and  forms  the  communication  between  the  receiver  and 
barrel.  The  other  hole,  KL,  has  one  extremity  K  on  the 
same  circumference  with  H,  so  that  when  the  key  is  turn- 
ed a  fourth  part  round,  E  will  come  into  the  place  of  H: 
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but  this  hole  is  pierced  obliquely  into  the  key,  and  thus 
keeps  clear  oi  the  hole  HI.  It  goes  no  further  than  the 
axisy  where  it  communicates  with  a  hole  bored  along  the 
axis  and  terminating  at  its  extremity.  This  hdie  fi>rms  the 
oomnmnication  with  the  external  air,  and  serves  for  dis- 
charg^g  the  air  in  the  barrel.  (A  nde  view  of  the  key  is 
seen  in  Fig.  14.)  Fig.  12.  shows  the  position  of  the  cook 
while  the  pbton  is  moving  upwards,  and  Fig.  14.  shows  its 
position  while  the  piston  is  moving .  downwards.  When 
the  piston  has  reached  the  bottom,  the  conical  pieoe 
y*A  g  of  the  piston,  which  may  be  of  firm  leather,  fills 
the  hole  FHG,  and  therefore  completely  expels  the  air 
from  the  barrel.  The  canal  KL I  of  the  cock  contains  air 
of  the  common  denaty ;  but  this  is  turned  aside  into  the 
position  KL  (Fig.  13.),  while  the  piston  is  still  touching^ 
the  cock.  It  cannot  expand  into  the  barrel  during  the  as- 
cent of  the  pistcHi.  In  place  of  it,  the  perforation  HLI 
comes  under  the  piston,  filled  with  air  that  had  been  tunied 
aside  with  it  when  the  piston  was  at  the  top  of  the  barrel, 
and  therefore  of  the  same  density  with  the  Mr  of  the  re- 
ceiver. It  appears,  therefore,  that  there  is  no  limit  to  the 
rarefaction  as  long  as  the  air  will  expand. 

This  instrument  is  called  an  Exhagtstikg  STaiiTGB. 
It  is  more  generally  made  in  another  form,  which  is  mudi 
less  expensive,  and  more  convenient  in  its  use.  Instead  of 
being  furnished  with  cocks  for  establishing  the  communi- 
cations and  shutting  them,  as  is  necessary,  it  has  valx>es 
like  those  of  the  oondendng  syringe,  but  opening  in  the 
opposite  direction.     It  is  thus  made : 

The  pipe  of  communication  or  conduit  MN  (Fig.  15.), 
has  a  male  screw  in  its  extremity,  and  over  this  is  ^ied  a 
slip  of  bladder  or  leather  M.  The  lower  half  of  the  piston 
has  also  a  male  screw  on  it,  covered  at  the  end  with  a  slip 
of  bladder  O.  This  is  screwed  into  the  upper  half  of  the 
piston,  which  is  jnerced  with  a  hole  H  coming  out  of  the 
side  of  the  rod. 


I  tha  gyringe  screwed  to  the  coaclucUi^ 
f4lBi'4>ld'lihitJBnjred  into  the  receiver  V  and  Uk  phtoa 
at,tli»>fataUMft:eftIlB  barrel.  When  the  piston  if  tlrann 
iq|^ihK.pMntr9,<i(tlic  external  air  shuts  the  valve 0,  and 
%j|iw4'f'*l^'-l>^kiv  Uta  piston :  th«:«  ta  therefore  do  pni- 
WiUp  ita.tUiif|Mr'£cle  of  the  vslve  M,  to  balance  iIk 
JlWtiafy  dC,tbs  BB  in  the  rec«ver  wliich  formcrljr  balmced 
tbe.wd^t  dT.Jfie  iteospheiv.  The  air,  therelbre,  indu 
VKdffte  ltfb.lU«  vAiv,  and  dttoifauteB  itMC  lfeliiiMi.flK 
^MH^ wd  tbB  hmeU  «■  that  #h«ii  tlw  pitMt  1«|«  Awirf 
Aitopk  tin  denl%of  tlie  aJrmbDthfoeiinraiitfkdit 

vrWbm  the  pirtM  u  teC  gttHdeabeoda.  bd|«uB.I&e  thli&> 
^jtf.  Aa  iaqiMiiifii  air  u  not  s  bdlaoce,  fifdie  pRNn 
of(tlw.atqiMpl«c,  vbiiA  tfiaefimprenM.^O^  4ej>|i<PI 
vidi  the  dflbnnc^  kee[xi^  tbft  i9itoiv-nd.ve  ibit'^tU 
^hile.  At  tiM  Biine  time  the  valve  M  also  dta|p:  fir  it 
WW  opebKl  by  tbe  prevailiiig  dasticity  of  t^  «t  in  ^ 
Monrcr,  aod  wlnle  U  is  open,  the  two  airs  hawcqual defr- 
ay and  elasticity ;  but  the  moment  the  {Mtop  jeaoewli, 
the  d^Mcity  of  the  barrel  is  diminished,  the  daatio^  of  it> 
«r  iactcBies  by  ooUapnbg,  and  now  fffevuling  one  tiat  ^ 
the  air  in  the  receiver,  shuts  the  valve  M. 

When  it  has  arrived  at  auoli  a  part  of  the  band  tint 
the  air  in  it  is  of  the  deoaity  of  the  external  aif ,  theie  is  ■» 
fine  to  pUah  it  &rther  down ;  tbe  hand  must  tbcnfin 
preas  it  This  attempts  to  condense  the  ur  i|i  the  bam^ 
and  therefore  increases  its  elasticity ;  so  that  it  lifts  tfe 
lalva  O  and  escapes,  and  the  pistm  gets  to.  tbe  bottpo. 
When  drawn  up  aguo,  greater  force  b  required'  (lian  the 
Urn.  time,  because  the  elattidty  of  die  incliide4  ulr  is  le* 
than  in  the  former'  stroke.  The  piston  naas'iuitlwr  Ifeftn 
tbe  valve  M  is  lifted  u^  aAd  whm  it  has  reflfclnd  tbe  lop 

of  the  barrel  tbe  dennly  of  tbe  induded  ^',i>v-T~v 
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The  puton,  when  let  go,  will  Aeacend  further  than  it  did 
before  ere.  the  {nsUm^alve  open,  and  the  prasuie  of  the 
fcsnd  will  again  push  it  to  the  bottom,  all  the  air  escaping 
through  O.  The  rarefaction  will  go  on  at  evefy  suboessiTe 
-stroke  in  the  same  manner  as  with  the  other  syringe.       '^ 

This  syringe  is  evidently  more  easy  in  its  use,  leqniriiig 
no  attendance  to  die  cocks  to  open  and  shut  them  at  the 
proper  times.  On  this  account  this  construcdon  of  an  er- 
hflusting  syringe  is  tiiuch  more  generally  used.         ' 

But  it  is  greatly  infericMr  to  the  syringe  widi  cocks  with 
respect  to  its  power  of  rarefaction.  Its  operation -is  greatly 
limited.  It  is  evident  that  no  sir  will  come  out  of  the  re- 
ceiver unless  its  elastidty  exceed  that  of  the  air  in  the  barrel 
by  a  difference  able  to  lift  up  the  valve  M.  A  piece  of 
cnled  lather  tied  aeross  this  hole  can  hardly  be  made  tight 
and  certain  of  clapping  >to  the  hole  without  some  small 
straining,  whidi  must  therefore  be  overcome.  It  must  be 
very  gentle  indeed  not  to  require  a  force  equal  to  the 
weight  of  two  inches  of  water,  and  this  is  equal  to  about 
the  200tb  part  of  the  whole  dastidty  of  the  ordinary  «r; 
'  and  therefore  this  syringe,  for  this  reason  alone,  cannot 
rarefy  air  above  200  times,  even  though  air  were  capable 
of  an  indefinite  expannon.  In  like  manner  the  vdve  O 
cannot  be  raised  without  a  similar  prevalence  of  the  elasti- 
city of  the  air  in  the  barrel  above  the  weight  of  the  atmo- 
sphere. These  causes  united,  make  it  difficult  to  rarefy 
the  air  more  than  100  times,  and  very  few  such  syringes 
will  rarefy  it  more  than  50  times ;  whereas  the  sjrringe 
with  cocks,  when  new  and  in  good  brder,  will  rarefy  it 
1000  times. 

But,  on  the  other  hand,  Sjrringes  with  cocks  are  much 
more  expennve,  especially  when  furnished  with  apparatus 
for  opening  and  shutting  the  cocks. '  They  are  more  diffi- 
cult to  make  equally  tight,  and  (which  is  the  greatest  ob- 
jection) do  not  remain  long  in  good  order.  The  eocks, 
by  so  frequendy  opening  and  shutting,  grow  looser  and 
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allow  the  air  to  escape.  No  method  has  been  ibund  of 
preventing  this.  They  must  be  ground  tight  by  menu  of 
emery  or  other  cutting  powders.  Some  of  these  uuviMd- 
aUy  stick  in  the  metal,  and  continue  to  wear  it  iown. 
For  this  reason  philosophers,  and  the  makers  of  {Ulow- 
phical  instruments,  have  turned  their  chief  attenUoa  to  the 
improvement  of  the  syringe  with  valves.  We  have  bees 
thus  minute  in  the  account  of  the  operatioa  of  nuefiK^ 
that  the  reader  may  better  understand  the  value  of  these 
improvements,  and  in  general  the  operation  of  the  pnoci- 
pal  pneumatic  engines. 

Oftfu  Air-Pump. 

An  AiB-PuMP  is  nothing  but  an  exhausting  sjrii^ 
accommodated  to  a  variety  of  experiments.  It  was  £xst 
invented  by  Otto  Guericke,  a  gentleman  of  Afagdebuij^ 
in  Germany,  about  the  year  1654.  We  trust  that  it  wUl 
not  be  unacceptable  to  our  readers  to  see  this  iDstrument^ 
which  now  makes  a  principal  article  in  a  philosophical  ap- 
paratus, in  its  first  form,  and  to  trace  it  tlirough  its  suo 
ces^ve  steps  to  its  present  state  of  improvement 

Guericke,  indifferent  about  the  solitary  possesion  of  an 
invention  which  gave  entertainment  to  numbers  who  came 
to  see  his  wonderful  experiments,  gave  a  minute  descrip- 
tion of  all  his  pneumatic  apparatus  to  Caspar  Schottus,  pro- 
fessor of  mathematics  at  Wirtemberg,  who  immediotelj 
published  it  with  the  author's  consent,  with  an  account  of 
some  of  its  performances,  first  in  1657,  in  his  MechanlcaHy- 
draulicchpneumatica ;  and  then  in  his  Tcchnica  Curiota,  in 
1604,  a  curious  collection  of  all  the  wonderful  performance 
of  art  which  he  collected  by  a  correspondence  over  allEuropx 

Otto  Guericke''s  air-pump  consists  of  a  glass  receiver  A 
(Fig.  16.),  of  a  form  nearly  spherical,  fitted  up  with  a  brass 
cap  and  cock  B.  The  nozzle  of  the  cap  was  fixed  to  a 
syringe  CD£,  also  of  brass,  bent  at  D  into  half  a  right 


PKfiUMATICt.  567 

angle.  This  had  a  valve  at  D,  opening  from  thcf  receiver 
into  the  syringe,  and  shutting  when  pressed  in  the  op- 
posite direction.  In  the  upper  side  of  the  syringe  there  is 
another  valve  F,  opening  from  the  syringe  into  the  exter« 
nal  ur,  and  shutting  wheii  pressed  inwards.  The  piston 
had  no  valve.  The  syringe,  the  cock  B,  and  the  joint  of 
the  tube,  were  immersed  in  a  cistern  filled  with  water. 
From  this  description  it  is  easy  to  understand  the  ojtera- 
tion  of  the  instrument.  When  the  piston  was  drawn  up 
from  the  bottom  of  the  syrin^,  the  valve  F  was  kept  shut 
by  the  pressure  of  the  external  air,  and  the  valve  D  opened 
by  the  elasticity  of  the  air  in  the  receiver.  When  it  was 
pushed  down  again,  the  valve  D  immediately  shut  by  the 
superior  elasticity  of  the  mr  in  the  syringe ;  and. when  this 
wa9  sufficiently  compressed,  it  opened  the  valve  F,  and  was 
discharged.  It  was  immersed  in  water,  that  no  air  might 
find  its  way  through  the  joints  or  cocks. 

It  would  seem  that  this  machine  was  not  very  perfect, 
for  Guericke  says  that  it  took  several  hours  to  produce  an 
evacuation  of  a  moderate-sised  vessel ;  but  he  says,  that 
when  it  was  in' good  order,  the  rarefaction  (for  he  acknow« 
ledges  that  it  was  not,  nor  could  be,  a  complete  evacua* 
tion)  was  so  great,  that  when  the  cock  was  opened,  and 
water  admitted,  it  filled  the  receiver  so  as  sometimes  to 
leave  no  more  than  the  bulk  of  a  pea  filled  with  air.  This 
is  a  little  surpri^ng ;  for  if  the  valve  F  be  placed  as  far 
from  the  bottom  of  the  syringe  as  in  Schottus's  figure, 
it  would  appear  that  the  rarefaction  could  not  be  greater 
than  what  must  arise  from  the  mr  in  DF  expanding  till  it 
filled  the  whole  syringe ;  because  as  soon  as  the  piston  in 
its  descent  passes  F  it  can  discharge  no  more  air,  but  must 
compress  it  between  F  and  the  bottom,  to  be  expanded 
agiun  when  the  piston  is  drawn  up.  It  is  probable  that  the 
piston  was  not  very  tight,  but  that  on  pressing  it  down 
it  allowed  the  air  to  pass  it ;  and  the  water  in  which  the 
whole  was  immersed  prevented  the  return  of  the  air  when 


>tMBa^  ami  aiMfld  i  iMri  ^to  iht  nmdiiiift.  wUcsh  jftvcd  hii 
ByHMQUB-Tistfliite.tliiB  tnuiUft  o£  ImiflKAttMMimfie  Jbtfbn- 

«d«jAi«o|Bk:R'wiilopmid.   .The  !«ir  «>  K  i«M»itftifcij 

dBfhiad  itodf  eqiudl j  betweoa  the  tvo  veMeli^  and  was  «o 
anch  more  rarefied  as  the  remyer  K  was  smaller  than  the 
crenel  G.  Wheo  thia  rarefaction  waa  not  sufficient,  the  at* 
trndanta  below  immediately  worked  the  pump. 
'  Theae  particulars  deserve,  to  be  recorded,  aa  they  show 
the  inventive  genius  of  this  celebrated  philosopher,  and  be- 
eaoae  they  are  useful  even  in  the  present  advanced  state  of 
the  study.  Guericke^a  method  of  excluding  air  from  all  the 
jofaita  of  his  apparatus,  by  immersing  these  joints  in  water, 
is  the  only  method  that  has  to  this  day  been  found  e£Rec- 
tual;  and  there  frequently  occur  experiments  where  this 
exclusion  for  a  long  time  is  absolutely  necessary.  In  such 
eaaea  it  is  necessary  to  construct  little  cups  or  cisterns  at 
every  joint,and  to  fill  them  with  water  or  oil.  In  a  letter 
to  Schottus,  166S-3,  he  describes  very  ingenious  contriv. 
anoes  for  producing  complete  rarefaction  after  the  elasti. 
city  of  the  remaining  air  has  been  so  far  diminished  that  i 


m  not  d]fe  to  open  the  tttly^  'H^  opens  the  eihatirtin^ 
vBl^idi  bya  plug,  w)iich  ift  pushed  in  by  the  hftmi;  tfnd  the 
diflchaipng  Tahre  is  opetieA  by  a  smiill  piimp  placed  m  Its 
ontside,  so  that  it  opeAs  into  a  v(Md  htttead  of  opening 
■gainst  the  preMure  of  the  atmosphere.  (8ee'8d|ott}  TaA- 
BicaCuHoM,  p.  68^  TO.)  These  oontrivanoes  hate  bistelatrfy 
added  to  air-pumps  by  Haas  and  Hurter  $b  new  inVentiOnsi 

It  must  be  acknowledged,  that  the  application  Of  =  th0 
pump  or  syringe  to  the  exhaustion  of  air  was  a  ir^^^  ob- 
vious thought  on  the  principle  .exhibited  in  No  17^  and^iii 
this  way  it  was  also  employed  by  Guericke,  who  liM  filled 
the  receiver  with  water,  and  then  applied  the  Sytinge.  '  But 
this  was  by  no  means  eidier  his  ^ject  &r  hh  plniKAph. 
His  object  was  not  solely-  to  procure  a  vessel  voiddf  aiii^ 
but  to  exhaust  the  air  which  was  already  in  it ;  'siircI  his 
principle  was  the  power  which  be  suspected  to  be  in  air' of 
eocpanding  itself  into  a  greater  space  when  the  feree  was 
removed  which  he  supposed  to  compress  it. '  Heexprettly 
•ays  {Trac$.  de  Hxperimentii  Magdeburgicia,  et  in  EpiH. 
ad  Sehoiym)^  that  the  contrivance  occurred  to  him  acci- 
dentally when  occupied  with  experiments  on  the  Toricellian 
tube,  in  which  he  found  that  the  air  would  really  expand, 
and  completely  fill  a  much  larger  space  than  what  it  usual- 
ly oocujMed,  and  tliat  he  had  found  no  limits  to  the  expahw 
•ion,  evincing  this  by  facts  which  we  shall  perfectly  under- 
atand  by  and  by.  This  was  a  doctrine  quite  new,  and  re- 
quired a  philosophical  mind  to  viiew  it  in  a  general  and  sys- 
tematic manner ;  and  it  iftust  be  owned  that  his  manner  of 
treating  the  subject  is  equally  remarkable  for  ingenuity  and 
lor  modesty.  (EpUL  ad  Schothm.) 

His  doctrine  and  his  machine  were  soon  spread  over 
Europe.  It  was  the  age  of  literary  ardour  and  philosophi- 
cal curiosity ;  and  it  is  most  pleasing  to  us,  who,  standing 
on  the  shoulders  of  our  predecessors,  can  see  fieir  around  uv, 
to  observe  the  eagerness  with  which  every  new,  and  to  us 
Involousy  experiment  was  repeated  and  canvassed.    The 
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worrfiippers  of  Aristotle  were  daily  reo^^ng  leveie  nam- 
fications  from  the  experimenters,  or  empiricsi  Mthey  affso- 
ed  to  call  them,  and  they  exerted  them^vea  rtmuouslj  io 
support  of  his  now  tottenng  cause.  This  eontribuled  to 
the  rafud  propagation  of  every  discovery ;  and  it  wn  tnoet 
profitable  and  respectable  buaness  to  go  through  the  duef 
cities  of  Germany  and  France  exhibiting  pbilosopUcil  a- 
periments. 

About  this  time  the  foundations  of  the  Royal  Soddjof 
London  were  laid.  Mr  Boyle,  Mr  Wren,  Lord  BtoaJLu^ 
Dr  Wallis,  and  other  curious  gentlemen,  held  mertings  at 
Oxford,  in  which  were  received  accounts  of  whatever  was 
doing  in  the  study  of  nature ;  and  many  experiments  vere 
exhibited.  The  researches  of  Galileo,  Torioelli,  asd 
Paschal,  concerning  the  pressure  of  the  air,  greatly  engag- 
ed their  attention,  and  many  additions  were  made  to  tiieir 
discoveries.  Mr  Boyle,  the  most  ardent  and  successful 
studier  of  nature,  had  the  principal  share  in  these  improve- 
ments, his  inquisitive  mind  being  aided  by  an  opulent  for- 
tune. In  a  letter  to  his  nephew.  Lord  Dunganron,  he  says 
that  he  had  made  many  attempts  to  see  the  appearances  ex- 
hibited by  bodies  freed  from  the  pressure  of  the  air.  He 
had  made  Toricellian  tubes,  having  a  small  vessel  artop, 
into  wliich  he  put  some  bodies  before  filling  the  tubes  vith 
mercury  ;  so  that  when  the  tube  was  set  upright,  and  the 
mercury  run  out,  the  bodies  were  in  vacuo.  He  had  also 
abstracted  the  water  from  a  vessel,  by  a  small  pump,  by 
means  of  its  weight,  in  tlie  manner  described  in  No  17, 
having  previously  put  bodies  into  the  vessel  along  with  the 
water.  But  all  these  ways  were  very  troublesome  and  im- 
perfect. He  was  delighted  when  he  learned  from  SchottU5*s 
first  publication,  that  Counsellor  Gucricke  had  effected  this 
by  the  expansive  power  of  the  air ;  and  immediately  set 
about  constructing  a  machine  from  his  own  ideas,  do  de- 
scription of  Guericke^s  being  then  published. 

It  consisted  of  a  receiver  A  (Fig.  18.),  furnished  with  a 
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stopooek  B,  and  iyiinge  GD  placed  in  a  verticBl  portion 
bdbw  the  receiver.  Its  valve  C  was  in  its  bottom^  dose  ad- 
joining to  the  entry  of  the  pipe  of  communication ;  and  the 
hole  by  which  the  air  issued  was  farther  secured  by  a  plug 
which  could  be  removed.  The  pston  was  moved  by  a 
wheel  and  rackwork.  The  receiver  of  Guericke^s  pump 
was  but  ill  adapted  for  any  ooninderable  variety  of  experi- 
ments ;  and  accordingly  very  few  were  made  in  it.  Mr 
Boyle^B  receiver  had  a  large  opening  £F,  with  a  strong 
glass  maigin.  To  this  was  fitted  a  strong  brass  cap, 
perced  with  a  hole  G  in  its  nuddle,  to  which  was 
fitted  a  plug  ground  into  it,  and  shaped  like  the  key  of  a 
cock.  The  extremity  of  this  key  was  furnished  with  a 
screw,  to  which  could  be  affixed  a  hook,  or  a  variety  of 
pieces  for  supporting  what  was  to  be  examined  in  the  re- 
ceiver, or  for  producing  various  motions  within  it,  without 
admitting  the  air.  This  was  farther  guarded  agunst  by 
means  of  oil  poured  round  the  key,  where  it  was  retiuned 
by  the  hollow  cup-like  form  of  the  cover.  With  all  these 
precautions,  however,  Mr  Boyle  ingeniously  confesses,  that 
it  was  but  seldom,  and  with  great  difficulty,  that  he  could 
produce  an  extreme  degree  of  rarefaction  ;  and  it  appears 
by  Guericke's  letter  to  Schottus,  that  in  this  respect  the 
Magdeburgh  machine  had  the  advantage.  But  most  of 
Boyle's  very  interesting  experiments  did  not  require  this 
extreme  rareihction ;  and  the  variety  of  them,  and  their 
philosophic  importance,  compensated  for  this  defect,  and 
soon  eclipsed  the  fame  of  the  inventor  to  such  a  degree, 
that  the  state  of  air  in  the  receiver'^  was  generally  deno- 
minated the  viumumBoyleanumy  and  the  air-pump  was  called 
nMchina  Boyleana.  It  does  not  appear  that  Guericke  was  at 
all  solicitous  to  maintain  his  claim  to  {priority  or  inventbn. 
He  appears  to  have  been  of  a  truly  noble  and  philosophical 
mind,  suming  at  nothing  but  the  advancement  of  science. 

Mr  Boyle  found,  that  to  make  a  vessel  air-tight,  it  was 
sufficient  to  place  a  piece  of  wet  or  oiled  leather  on  its  brim. 
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and  to  lay  a  flat  plate  of  metal  upon  this.  .  The  preMureoC 
the  eztenal  air  squeezed  the  two  solid  hodiei  iDhard  toge- 
ther, that  the  soil  leather  effectually  exdudcdit  Tiiis 
enabled  him  to  render  the  whole  machine  incymfanhly 
more  convenient  for  a  %-ariety  of  experiments.  He  cnised 
the  cx>nduit^pipe  to  terminate  in  a  flat  plate  which  he  cover- 
ed with  leather,  and  on  this  he  set  the  glass  ball  or  reeeircr, 
which,  had  both  its  upper  and  lower  brim  ground  floL  He 
covered  the  upper  orifice  in  like  manzier  with  a  piece  cf 
cnled  leather  and  a  flat  plate,  having  cocks  and  a  varie(/of 
other  perforations  and  contrivances  suited  to  his  puiposesw 
This  he  found  infinitely  more  expeditious,  and  alsodgfater, 
than  the  clammy  cements  wliidi  he  had  formerly  usedibr 
securing  the  joints. 

He  was  now  assisted  by  Dr  Hooke,  the  most  ingeiuoui 
and  invenUve  mechanic  that  tlie  world  has  ever  seeo.  This 
person  made  a  great  improvement  on  tlie  air-pump,  by  sp- 
plying  two  syringes  whose  piston-rods  were  worked  by 
the  some  wheel,  as  in  Fig.  20,  and  putting  valves  in  the 
pistons  in  the  same  manner  as  in  the  piston  of  a  commoD 
pump.  This  evidently  doubled  the  expedition  of  die 
pump^s  operation  :  but  it  also  greatly  diminished  the  labour 
of  pumping ;  for  it  must  be  observed,  that  the  piston  H 
must  be  drawn  up  against  the  pressure  of  the  external  air, 
and  when  the  rarefaction  is  nearly  perfect,  this  requires  i 
force  of  nearly  15  pounds  for  every  inch  of  the  area  of  the 
piston.  Now  when  one  piston  H  is  at  the  bottom  of  the 
barrel,  the  other  K  is  at  the  top  of  the  barrel,  and  the  sir 
below  K  is  equally  rare  \vith  that  in  the  receiver.  There- 
fore the  pressure  of  the  external  air  on  die  piston  K  is 
nearly  equal  to  that  on  the  piston  H.  Both,  therefore,  sre 
acting  in  opposite  directions  on  the  wheel  which  gave  them 
motion ;  and  the  force  necessary  for  raising  H  is  only  the 
difference  between  the  elasticity  of  the  air  in  the  barrel  H 
and  that  of  the  air  in  the  barrel  K.  This  is  very  small  in 
the  beginning  of  the  stroke,  but  gradually  increases  as  the 
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pistota  K  descends,  and  becomes  equal  fo  the  whole  exoeis 
of  the  air^s  pressure  above  the  elasticity  of  the  remidniiig 
air  of  the  receiver  when  the  air  at  K  of  the  natural  density' 
begins  to  open  the  piston  valves.  An  accurate  attehtbii'to 
the  circumstances  will  show  us  that  the  force  requisite  fth^ 
working  the  pump  is  greatest  at  first,  and  gradually  di-i 
minishes  as  the  rarefaction  advances;  and  when  this  is. 
nearly  complete,  hardly  any  more  force  is  required  thin 
what  is  necessary  for  overcoming  the  friction  of  the  jnstdhs, 
except  during  the  discharge  of  the  air  at  the  end  of  each 
stroke. 

This  is  therefore  the  form  of  the  ur-pump  which  is  most 
generally  used  all  over  Europe.  Some  traces  of  national 
prepossession  remain.  In  Germany,  air-pumps  are  fre- 
quently made  afler  the  original  model  of  Guericke^s  (Wolff 
Cyclomathesis) ;  and  the  French  generally  use  the  pa\aat> 
made  by  Papn,  though  extremely  awkward.  We  shall 
^ve  a  description  of  Boyle^s  air-pump  as  finally  improved 
by  Hawkesbee,  which,  with  some  small  accommodations  to 
particular  views,  still  remains  the  most  approved  form. 
Here  follows  the  description  from  Desagulieris : 
It  consists  of  two  brass  barrels  a  a^  aa  (fig.  19.)9  12 
inches  high  and  2  wide.  The  pistons  are  raised  and  de- 
pressed by  turning  the  winch  b  b.  This  is  fastened  to  an 
axis  passing  through  a  strong-toothed  wheel,  which  lays 
hold  of  the  teeth  of  the  racks  cccc.  Then  the  one  is  nused 
while  the  other  is  depressed ;  by  which  means  the  valves, 
which  are  made  of  limber  bladder,  fixed  in  the  upper  part 
of  each  piston,  as  well  as  in  the  openings  into  the  bottom 
cf  the  barrels,  perform  their  office  of  discharging  the  mr 
from  the  barrets,  and  admitting  iitto  them  the  mr  from  the 
receiver  to  be  afterwards  discharged;  and  when  the  re- 
ceiver comes  to  be  pretty  well  exhausted  of  its  mr,  the  pre^s- 
sure  of  the  atmosphere  in  the  descending  piston  is  nearly 
so  great,  that  the  power  tequured  to'  ruSse  the  other  is  little 
more  than  is  nedessary  fct  overc6ming  the  firictibn  (oi  the ' 
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piston,  which  renders  this  pump  preferable  to  all  o&m, 
which  require  more  force  to  work  them  as  tbe  rarefsctkn 
of  the  ur  in  the  receiver  advances. 

The  barrels  are  set  in  a  brass  dish  about  twoindheideepy 
filled  with  water  or  oil  to  prevent  the  insinuatioii  oC  ur. 
The  barrels  are  screwed  tight  down  by  tbe  nuts  rf,ef, 
.which  force  the  frontispiece  yy*  down  on  them,  through 
which  the  two  pillars  gg^  gg  pass. 

From  between  the  barrels  rises  a  slender  brass  pipeii, 
communicating  with  each  by  a  perforation  in  the  transmse 
piece  of  brass  on  which  they  stand.  The  upper  eDdoftUs 
fupe  communicates  with  another  perforated  [uece  of  bnss, 
which  screws  on  undemeatli  tlic  plate  i  i  i  t,  of  ten  inches 
diameter,  and  surrounded  with  a  brass  rim  to  prevent  the 
shedding  of  water  used  in  some  experiments.  This  piece 
of  brass  has  three  branches :  1.  An  horizontal  one  ooo- 
municating  with  the. conduit-pipe  hh.  S.  An  apnglitoDe 
screwed  into  the  middle  of  the  pump-plate,  and  termiiuttiog 
in  a  small  pipe  A*,  rising  about  an  inch  above  it  3.  Is  a 
perpendicular  one,  looking  downwards  in  the'oontiouatioQ 
of  the  pipe  t,  and  having  a  hollow  screw  in  its  end  reoeiv- 
ing  the  brass  cap  of  the  gage-pipe  /  /  Z  /,  which  is  of  glass, 
34  inches  long,  and  immersed  in  a  glass  cistern  mmfiWed 
with  mercury.  This  is  covered  a-top  with  a  cork  float, 
carrying  the  weight  of  a  light  wooden  scale  divided  mto 
inches,  which  are  numbered  from  the  surface  of  the  mer- 
cury in  the  cistern.  This  scale  will  therefore  rise  and  fidl 
with  the  mercury  in  the  cistern,  and  indicate  tlie  true  ele- 
vation of  that  in  the  tube. 

There  is  a  stopcock  immediately  above  the  insertion  of 
the  gage-pipe,  by  which  its  communicaUon  may  be  cut  off. 
There  is  another  at  n,  by  which  a  communication  is  opened 
with  the  external  air  for  allowing  its  readmission  ;  and  there 
is  sometimes  another  immediately  within  the  insertion  of  the 
conduct>pipc  for  cutting  off  the  communication  between  the 
receiver  and  the  pump.     This  is  particularly  useful  when 
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the  rarefiKtkm  b  to  be  continued  long,  a^  there  are  by  these 
means  fewer  chances  of  the  insinuation  of  air  by  the  many 
jcMnts. 

The  receivers  are  made  tight  by  amply  setting  them  on 
the  pump-plate  with  a  piece  of  wet  or  oiled  leather  be- 
tween ;  and  the  receivers,  which  are  open  a-top,  have  a 
brass  cover  set  on  them  in  the  same  manner.  In  these  co- 
vers there  are  various  perforations  and  contrivances  for  va- 
rious purposes.  The  one  in  the  figure  has  a  slip  wire  pass- 
ing through  a  collar  of  oiled  leather,  having  a  hook  or  a 
screw  in  its  lower  end  for  hanging  any  thing  on  or  produc- 
ing a  variety  of  motions. 

Sometimes  the  receivers  are  set  on  another  plate,  which 
has  a  pipe  screwed  into  its  middle,  furnished  with  a  stop- 
(x>ck  and  a  screw,  which  fits  the  middle  pipe  A\  When  the 
rarefaction  has  been  made  in  it,  the  cock  is  shut,  and  then 
the  whole  may  be  unscrewed  from  the  pump,  and  removed 
to  any  convenient  place.  This  is  called  a  transporter 
fHaie. 

It  only  remains  to  explain  the  gage  I  III.  In  the  ordi- 
nary state  of  the  air  its  elastidty  balances  the  pressure  of 
the  incumbent  atmosphere.  We  find  this  from  the  force 
'  that  is  necessary  to  squeeze  it  into  less  bulk  in  oppontion 
to  this  elastidty.  Therefore  the  elasticity  of  the  air  in- 
creases with  the  vidnity  of  its  particles.  It  is  therefore 
reasonable  to  expect,  that  when  we  allow  it  to  occupy  more 
room,  and  its  particles  are  farther  asunder,  its  elasticity 
will  be  diminished  though  not  annihilated ;  that  is,  it  will 
no  longer  balance  the  whole  pressure  of  the  atmosphere, 
though  it  may  still  balance  part  of  it.  If  therefore  an  up- 
right jnpe  have  its  bwer  end  immersed  in  a  vessel  of  mer« 
cury,  and  communicate  by  its  upper  end  with  a  vessel  con- 
tuning  rarefied,  therefore  less  elastic,  air,  we  should  expect 
that  the  pressure  of  the  air  will  prevail,  and  force  the  mer- ' 
cury  into  the  tube,  and  cause  it  to  rise  to  such  an  height 
that  the  wdght  of  the  mercury,  joined  to  the  elasticity  oi 
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tt^h^hOMBOr  ia»  ittiaig  AiiUft  iqqier  mbGm^  «U1  be  endiy 
tfitf  ft>4he  %tiolt  preawHB  ipf  theitftoiM|iii«i«  Tlielieigbt 
of  the  mefciixy  18  the  exact  measure  of  that  part  of  the 
Midto'l^teHJiire  whkfi:'  k \^  Mhuiedl  fay  Om-drnticky  of 
OA  mdlksk  ibr,  and  itoileiGieiief  ifiwm  id^.fa^B^ V  <^ 
MMM^vito'the  T^viddHall 
iCIIillittiiig  Hdaatieicy . 

^; It  ii  IMldeflt  thmfiMe^  tilit  the.pipeiriUbe  a  acaleof 
tM^^iAmiMtf  cS  ^  rtatkas^  air,  aDd  will  indieate  in  aooM 
AiAnhbdeglMofMureftddoii:  for  there  muat  be  aome  ana* 
li|j^life|j»eett  the^dMBil^  air  aad^ita  ebntiBitjf ;  and 

we  have  DO  reason  to  iniagine  that  they  da  iotitidnase  and 
ibiMA  log^lieir,  although  ne  may  be  %BDnait  of  the 
kMr,  thdt  18^  of  the  duuge  of  elaitii^  eomapon^iig  to  a 
kil^im  change  of.  deniify.  Thbi8'tdbediaaDveMlbye&- 
fnAtamt;  and  die  tor-|mnip  tedbP  flinuahtfs^s  with  (he 
billt  esqpbriitteBts  ftv  tins  fpurpoae.  ^  After  ihnpfying  dll  the 
iMMMy  in  the  gage  hail  attuned  half , the  1m^ 
the  Torioellian  tube,  ahut  the  oommunicatian  with  the  biir* 
rds  and  gage,  and  admit  the  water  into  the  recover.  It 
will  go  in  till  all  is  again  in  equilibrio  with  the  pressure  of 
the  atmosphere ;  that  is,  till  the  air  in  the  reteiver  has  col- 
lapsed into  its  natural  bulk.  This  we  can  accuratdy  mea* 
sure,  and  compare  with  the  whole  capacity  of  the  receiver >; 
and  thus  obtain  the  precise  degree  of  rare&ctioti  correspond- 
ing to  half  the  natural  elasticity.  We  can  do  the.  same 
thing  with  the  elasticity  reduced  to  one-tliird,  dtoe-fourth, 
ft;c.  and  thus  discover  the  whole  law. 

This  gage  must  be  considered  as  one  of  the  tnost  inge* 
nions  and  convenient  parts  of  Hawkesbee^s  pump ;  and  it 
is  well  dis^posed,  being  in  a  situation  protteted  agaiiKt  jac- 
ddents ;  but  it  necessarily  increases  gready  the  site  of  die 
machine,  and  cannot  be  applied  to  the  tabl&<pump,.vq9ns 
seated  in  Fig.  20,  No.  1.  When  it  is  wanted  here,  « small 
jdate  is  added  behind,  or  between  the  barrela  and  receiver; 
and  on  this  is  set  a  small  tubulated  (aa  it^ia  kenned).  le^ 
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wver,  covering  a  oommon  weather-glass  tube.     This  re- 
eawet  bong  rarefied  along  with  the  other,  the  pressure  on 
the  mercury  in  the  dstem,  arising  from  the  elasticity  of  the 
temaining  lur,  is  dhninished  so  as  to  be  no  longer  able  to 
support  the  meateary  at  its  full  height ;  and  it  therefore 
descends  till  the  height  at  which  it  stands  puts  it  in  equili- 
brio  with  the  dastidty.     In  this  form,  therefore,  the  height 
of  the  mercury  is  direcdy  a  measure  of  the  remuning  das- 
tidty; while  in  the  other  it  measures  the  remaining  un- 
balanced pressure  of  the  atmosphere.     But  thb  gage  is  ex- 
tremely cumbersome  and  liable  to  accidents.     We  are  sd- 
flom  much  interested  in  the  rarefaction  till  it  is  great:  a 
contracted  form  of  this  gage  is  therefore  very  useful, 
and  was  early  used.    A  syphon  ABCD  (Fig.  21.)  each 
branch  of  which  is  about  four  inches  long,  and  dose  at  A 
and  open  at  D,  is  filled  with  boiling  mercury  till  it  occu- 
pies the  branch  AB  and  a  very  small  part  of  CD,  having 
its  surface  at  O.     This  is  fixed  to  a  small  stand,  and  fixed 
into  the  receiver,  along  with  the  things  that  are  to  be  ex- 
hibited in  the  rarefied  air.     When  the  sir  has  been  rare- 
fied till  its  remaining  elasticity  ib  not  able  to  support  the 
column  BA,  the  mercury  descends  in  AB,  and  rises  in 
CD,  and  the  remaining  elasticity  will  always  be  measured 
by  the  elevation  of  the  mercury  in  AB  above  that  in  the 
le^  CD.    Could  the  exhaustion  be  perfected,  the  surfaces 
in  both  legs  would  be  on  a  level.     Another  gage  might  be 
put  into  the  same  foot,  having  a  small  bubble  of  air  at  A. 
This  would  move  from  the  beginning  of  the  rarefaction ; 
but  our  ignorance  of  the  analogy  between  the  density  and 
dastidty  hinders  us  from  using  it  as  a  measure  of  dther. 

It  is  enough  for  our  present  purpose  to  observe,  that 
the  barometer  or  syphon  gage  is  a  perfect  indication  and 
measure  of  the  performance  of  an  dr-pump,  and  that  a 
pump  is  (coeteris  paribus)  so  much  the  more  perfect,  as  it 
is  able  to  nuse  the  mercury  higher  in  the  gage.  It  is  in 
thb  way  that  we  discover  that  none  can  produce  a  complete 
Vol.111.  20 
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exhaustion,  and  that  their  operatian  is  oolyra  veiy  gral 
rarefaction;  for  none  cannuae  the  mercury  toAtfhe^ ft 
which  it  stands  in  the  Torioellian  tube,  weD  pnged  ef  air. 
Few  pumps  will  bring  it  within  ^^^  of  an  inch.'  HialedKey 
fitted  up  according  to  his  instructkmsy  will  addom  \mg  it 
within  ).  Pumps  with  cocks,  when  constrocted  iceoidiiig 
to  the  principles  mentioned  when  speaking  of  the  exhaoil' 
ing  syringe,  and  new  and  in  fine  order,  will  in  fiifomabk 
drcumstanoes  bring  it  within  J^,  None  with  fahes,  fSttri 
up  with  wet  leather,  or  when  water  or  volatile  ftndi  are 
allowed  access  into  any  part,  will  bring  it  nearer  thtn  |. 
Nay,  a  pump  of  the  best  kind,  and  in  the  finest  older,  will 
have  its  rarefying  power  reduced  to  the  lowest  ftndard, 
aa  measured  by  this  gage,  if  we  put  into  the  teoBTer  Ae 
tenth  part  of  a  square  inch  of  white  aheep-akin,  fimh  trm 
the  shops,  or  of  any  substance  equally  dampi  Tins  is  a 
discovery  made  by  means  of  the  improved  air-pump,  and 
leads  to  very  extensive  and  important  consequeoees  in  ge- 
neral physics ;  some  of  which  will  be  treated  of  under  this 
article :  and  the  observation  is  made  thus  eariy,  that  our 
readers  may  better  understand  the  improvements  wfaicb 
have  been  made  on  this  celebrated  machine. 

It  would  require  a  volume  to  describe  all  the  changes 
which  have  been  made  on  it.  An  instrument  of  such  mui' 
tifarious  use,  and  in  the  hands  of  curious  men,  each  firiag 
into  the  secrets  of  nature  in  his  favourite  line,  must  hive 
received  many  alterations  and  real  improvements  in  maaj 
particular  respects.  But  these  are  beside  our  present  pur- 
pose ;  which  is  to  consider  it  merely  as  a  machine  for  TUt- 
fying  elastic  or  expansive  fluids.  We  must  therefore  ood- 
fine  ourselves  to  this  view  of  it;  and  shall  carefully  state 
to  our  readers  every  improvement  founded  on  principle, 
and  on  pneumatical  laws. 

AH  who  used  it  perceived  the  limit  set  to  the  rarefacdan 
by  the  resistance  of  the  valves,  and  tried  to  perfect  the 
construction  of  the  cocks.     The  Abb^  NoUet  and  Grave- 


PNEUMATICS.  579 

aande,  two  of  the  most  eminent  experimental  [dulcxophers 
in  Europe^  were  the  most  sucoeesful. 

Mr  Ghravesande  justly  preferred  Hookers  plan  of  a 
double  pump,  and  contrived  an  apparatus  lor  turning  the 
oodcB  by  the  modon  of  the  pump^s  handle.     This  is  far 
from  either  being  ample  or  easy  in  worldng;  and  occasions 
great  jerks  and  concussions  in  the  whole  machine.     This, 
however,  is  not  necessarily  connected  with  the  truly  pneu» 
matical  improvement     His  piston  has  no  valve^  and  the 
rod  is  connected  with  it  by  a  sdrrup  D  (Fig.  22.),  as  in  a 
common  pump.     The  rod  has  a  cylindric  part,  cp^  which 
passes  through  the  stirrup,  and  has  a  stiff  motion  in  it  up 
and  down  of  about  half  an  inch ;  bang  stofq)ed  by  the 
shoulder  c  above  and  the  nut  below.     The  round  plate 
supported  by  this  stirrup  has  a  short  square  tube  nd^ 
which  fits  tight  into  the  hole  of  a  piece  of  cork  F.     The 
round  plate  £  has  a  square  shank  g^  which  goes  into  the 
square  tube  nd.    A  piece  of  thin  leather^  soaked  in  oil, 
is  put  between  the  cork  and  the  plate  E,  and  another  be- 
tween the  cork  and  the  plate  which  forms  the  sole  of  the 
sUmip.     All  those  pieces  are  screwed  together  by  the  nail 
^,  whose  flat  head  covers  the  hole  n.     Suppose,  therefore, 
the  piston  touching  the  bottom  of  the  barrel,  and  the  winch 
turning  to  raise  it  again,  the  friction  of  the  piston  on  the 
barrel  keeps  it  in  its  place,  and  the  rod  is  drawn  up  through 
Ae  stirrup  D.     Thus  the  wheel  has  liberty  to  turn  about 
ao  inch ;  and  this  is  sufficient  for  turning  the  cock,  so  as 
to  cut  off  the  communication  with  the  external  air,  and  to 
open  the  communication  with  the  receiver.     This  being 
done,  and  the  motion  of  the  winch  continued,  the  piston  is 
raised  to  the  top  of  the  barrel.    Wheii  the  winch  is  turned 
in  the  opposite  direction,  the  jnston  remains  fixed  till  the 
cock  is  turned,  so  as  to  shut  the  communication  with  the 
receiver,  and  open  that  with  the  external  air. 

This  is  a  pretty  contrivance,  and  does  not  at  first  ap^ 
pear  necessary ;  because  the  cocks  might  be  made  to  turn 
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at  the  beginning  and  end  of  the  atndce  without  it  Bnt 
this  is  just  possible ;  and  the  smaDest  error  of  adjnstiiKOt, 
or  wearing  of  the  apparatus,  will  cause  them  to  be  open  at 
impn^r  limes.  Besides,  the  cocks  are  not  trnned  in  tn 
instant,  and  are  improperly  open  during  some  irery  siiall 
time;  but  this  contrivance  oompletdiy  obyiates  this£flbibj. 

The  cock  is  predsely  similar  to  that  fiirmerly  deMnbelp 
having  one  perforation  diametrically  through  it,  and  n>i 
ther  entering  at  right  angles  to  this,  and  after  reachiDgtk 
centre,  it  passes  along  the  axis  of  the  cock,  and  ooniaflal 
to  the  open  ur. 

It  is  evident,  that  by  this  construction  of  the  ooci,  the 
ingenious  improvement  of  Dr  Hooke,  by  whidi  the  prea- 
sure  of  the  atmosphere  on  one  piston  is  made  to  hifaaiQe 
(in  great  part)  the  pressure  on  the  other,  is  given  up:  fcr* 
whenever  the  communication  with  the  air  is  opened,  it 
rushes  in,  and  immediately  balances  the  pressure  on  the 
upper  side  of  the  piston  in  this  barrel ;  so  that  tbe  whole 
pressure  in  the  other  must  be  overcome  by  the  person 
working  the  pump.  Gravesandc,  aware  of  this,  pat  a 
valve  on  the  orifice  of  the  cock ;  that  is,  tied  a  slip  of  wet 
bladder  or  oiled  leather  across  it ;  and  now  Ae  piston  is 
pressed  down,  as  long  as  the  air  in  the  barrel  is  raier  than 
the  outward  air,  in  the  same  manner  as  when  the  valve  is 
in  the  piston  itself. 

This  is  all  that  is  necessary  to  be  described  in  Mr  Grave- 
sande'^s  air-pump.  Its  performance  is  highly  extolled  bf 
him,  as  far  exceeding  his  former  pumps  with  valves.  The 
same  preference  was  given  to  it  by  his  successor  Musdieop 
broek.  But,  while  they  both  prepared  the  pistons  and 
valves  and  leathers  of  the  pump,  by  steeping  them  in  oilf 
and  then  in  a  mixture  of  water  and  spirits  of  wine,  we  are 
certain  that  no  just  estimate  could  be  made  of  its  perfbnn- 
ance.  For  with  this  preparation  it  could  not  bring  the 
gage  within  ^  of  an  inch  of  the  barometer.  We  even  see 
other  limits  to  its  rarefaction :  from  its  construction,  it  i^ 
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plun  that  a  very  ooiudderable  space  is  left  between  the 
justoD  and  cock,  not  less  than  an  inch,  from  which  the  air 
is  never  expelled ;  and  if  this  be  made  extremely  small,  it 
if  pbun  that  the  pump  must  be  worked  very  sbw,  other- 
wise there  will  not  be  time  for  the  air  to  diffuse  itself  from 
the  receiver  into  the  barrel,  espedally  towards  the  end, 
when  the  expelling  fcnxe,  viz.  the  elastidty  of  the  remain- 
ing air  is  very  smaUL  There  is  also  the  same  limit  to  the 
rare&ction,  as  in  Hookers  or  Hawkesbee^s  pump,  exposed 
by  the  valve  £,  which  will  not  open  tiU  the  air  below  the 
piston  is  conaderably  denser  than  the  external  air :  and  this 
pump  soon  lost  any  advantages  it  possessed  when  fresh  from 
the  workman^s  hands,  by  the  cock^s  growing  loose  and  ad- 
mitting air.  It  is  surprismg  that  Gravesande  omitted 
Hawkesbee^s  security  against  this^  by  pladng  the  barrels 
in  a  dish  filled  with  ml ;  which  would  effectually  have  pre- 
vented this  inocmvenienoe. 

We  must  not  omit  a  seemingly  paradoxical  observatkm 
jo[  Gravesande,  that  in  a  pump  constructed  with  valves,  and 
worked  with  a  determined  uniform  velodty,  the  required 
degree  of  rarefaction  is  sooner  produced  by  short  barrek 
than  by  long  ones.  It  would  require  too  much  time  to 
give  a  general  demonstration  of  this,  but  it  will  easily  be 
teen  by  an  example.  Suppose  the  long  barrel  to  have 
equal  capacity  with  the  receiver,  then  at  the  end  of  the  first 
stroke  the  air  in  the  receiver  will  have  4  its  natural  denaty. 
Now,  let  the  short  barrels  have  half  this  ci^xudty ;  at  the 
end  of  the  first  stroke  the  density  of  the  air  in  the  recover 
is  I,  and  at  the  end  of  the  second  stroke  it  is  },  which  is  less 
than  i,  and  the  two  strokes  of  the  short  barrel  are  supposed 
to  be  made  in  the  same  time  with  one  of  the  longest,  &c 

Hawkesbee^s  pump  maintained  its  pre-eminence  without 
rival  in  Britain,  and  generally  too  on  the  continent,  except 
in  France,  where  every  thing  took  the  ion  of  the  Academy, 
which  abhorred  being  indebted  to  forragners  for  any  thing 


dM  niSVMATICS. 

ill  flDMieei  till  ifaout  the  yatt  17M^  wImi  h  cog^ied  the 
<tt«Btioa  of  Mr  John  Sawetgnj  m  pmtaa  eJF  nmoommoii 
knowJedge^  end  Mooiid  to  nooe  but  Dr  Heake  m  lagad^ 
nd  meohenieal  lesouioe.  He  iPis  then  a  ataker  of  philo- 
flophicel  imtmiiieiitiy  end  nede  meigr  ettmple  to  perfect 
the  pumps  with  6ock%  bu$  finind^  theft  wheteiver  perfecdon 
he  eoi|)d  bring  them  td^  he  oouU  not  eaebb  them  to  pee- 
eorveit}  end  he  nerer  noold  leU  ckue  of  Ais  eonstractkei. 
He  thstipfoie  ettechcd  himeelf  ididjr  to  the  Wve  pumps. 

The  fast  thii^  ipie  to  diminiwh  the  leabrincm  to  the  entry 
of  the  eir  fifott  the  leodver  into  the  berrdb:  thii  he  reoi- 
doed  efaaost  notUag^  by  enUegi^g  the  eurfiiee  on  which 
this  feebk  eleetk  eir  wis  to  press.  Instead  of  making 
Ihees  nd?es  to  open  by  ks  pcessuie  on  a  Gtrde  of  ^  of  en 
.UKh  in  diuieter^  he  made  the  iralveJiek  one  inch  in  dierae^ 
lsi%  mikfffBg  the  sifeciace  400  timesi  end  to  peevent  tUi 
piece  of  thin  leather  fimn  being  bmntlq^  thegesat  pfessnrs 
on  ity  when  the  piston  in  its  descent  was  approaohing  the 
bottom  of  the  barrd^  he  supported  it  by  a  delicate  but 
strong  grating,  dividing  the  valve-hole  like  the  section  of  a 
honey-comb,  ss  represmted  in  Fig.  S5 ;  and  the  ribs  of 
this  grating  are  seen  edgewise  in  Fig.  28,  at  a  i  c. 

The  valve  was  a  piece  of  thin  membrane  or  oiled  silk, 
genUy  strained  over  the  mouth  of  the  valve-hole,  and  tied 
on  by  a  fine  silk  thread  wound  round  it  in  the  same  manner 
that  the  narrow  slips  had  been  tied  on  formerly.  Thb  done, 
he  cut  with  a  pointed  knife  the  leather  round  the  edge, 
nearly  four  quadrantal  arcs,  leaving  a  small  tongue  be- 
tween  each,  as  in  Fig.  25.  The  strained  valve  imnde- 
diately  shrinks  inwards,  as  represented  by  the  shaded 
parts ;  and  the  strain  by  which  it  is  kept  down  is  now 
greatly  dinnnished,  taking  place  only  at  the  comers.  The 
gratings  bang  reduced  nearly  to  an  edge  (but  not  quite,  lest 
they  should  cut),  there  is  very  little  pressure  to  produce 
adhesion  by  the  dammy  oil.    Thus  it  appear^  that  a  very 
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small  elasticity  of  the  air  in  the  receiver  will  be  sufficient  to 
raise  the  valve;  and  Mr  Smeaton  found,  that  when  it  was 
not  able  to  do  this  at  first,  when  only  about  9)9  of  the  na- 
tural elasticity,  it  would  do  it  after  keeping  the  piston  up 
eight  or  ten  seconds,  the  air  hainng  been  all  the  while  un* 
dennining  the  valve,  and  gradually  detaching  it  from  the 
grating. 

Unfinrtunately  he  could  not  follow  this  method  with  the 
jnston  valve.  There  was  not  room  round  the  rod  fbrsuch 
an  expanded  valve ;  and  it  would  have  obliged  him  to  have 
a  great  spaoe  bielow  the  valve,  from  which  he  could  not  ez« 
.  pel  the  air  by  the  descent  of  the  piston.  His  ingenuity 
hit  on  a  way  of  increaang  the  expelling  force  throu^  the 
common  valve :  he  enclosed  the  rod  of  the  [xston  in  «  col- 
lar of  leather  /,  through  which  it  moved  freely  without 
allowing  any  air  to  get  past  its  sides.  For  greater  secu- 
rity, the  collar  of  leather  was  contained  in  a  box  terminat- 
ing in  a  cup  filled  with  oil.  As  this  makes  a  material 
change  in  the  principle  of  construction  of  the  air-pump 
(and  indeed  of  pneumatic  engines  in  general),  and  as  it  ha; 
been  adopted  in  all  the  subsequent  attonpts  to  improve 
them,  it  merits  a  particular  consideration. 

The  piston  itself  connsts  of  two  jneoes  of  brass  fastened 
by  screws  from  below.  The  uppermost,  which  is  of  one 
solid  piece  with  the  rod  GH  (Fig.  88.),  is  of  a  dia- 
meter somewhat  less  than  the  barrel ;  so  that  when  they 
are  screwed  together,  a  piece  of  leather,  soaked  in  «  mix- 
ture of  boiled  oil  and  tallow,  is  put  between  them ;  and 
when  the  piston  is  thrust  into  the  barrel  from  above,  the 
leather  comes  up  around  the  side  of  the  {nston,  and  fills 
the  barrel,  making  the  jnston  perfectly  air-tight  The 
lower  half  of  the  piston  projects  upwards  into  the  upper, 
which  has  a  hollow^  b  c gXo  recdve  it.  Tha%  is  a  small 
hole  through  the  lower  half  at  a  to  admit  the  mr ;  and  a 
hole  c  d  in  the  upper  half  to  let  it  through,  and  there  is  a 
dip  of  oiled  nlk  strained  across  the  hole  a  by  way  of  valve, 
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and  there  is  room  enough  left  at  6  c  for  this  vaite  to  ruea 
little  when  pressed  from  below.      The   rod  GH  passei 
through  the  piece  of  brass  which  forms  the  top  of  the  hir- 
rel  so  as  to  move  freely,  but  without  any  senafale  ihake: 
this  top  is  formed  into  a  hollow  box,  oonsistii^  oE  two 
pieces  ECDF  and  CNOD,  which  screw  together  at  CB. 
This  box  is  filled  with  rings  of  cnled  leather  exacdy  fitted 
to  its  diameter,  each  having  a  hole  in  it  for  the  rod  to  pu 
through.     When  the  piece  ECDF  is  screwed  down,  it 
compresses  the  leathers ;  squeezing  them  to  the  rod,  so  thit 
no  air  can  pass  between  them ;  and,  to  secure  us  aguost 
all  ingress  of  air,  the  upper  part  is  formed  into  a  cup  EF, 
which  is  kept  filled  with  oil. 

The  top  of  the  barrel  is  also  pierced  with  a  hole  LK, 
which  rises  above  the  flat  surface  NO,  and  has  a  slip  of 
oiled  silk  tied  over  it  to  act  as  a  valve ;  openii^  when 
pressed  from  below,  but  shutting  when  pressed  finom 
above. 

The  communication  between  the  barrel  and  rccdver  is 
made  by  means  of  the  pipe  ABPQ  ;  and  there  goes  from 
the  hole  K  in  the  top  of  the  barrel  a  pipe  KRST,  which 
dther  communicates  with  the  open  air  or  with  the  receiver, 
by  means  of  the  cock  at  its  extremity  T.  The  conduit 
pipe  ABPQ  has  also  a  cock  at  Q,  by  which  it  is  made  to 
communicate  cither  with  the  receiver  or  with  the  open  air. 
These  channels  of  communication  are  variously  conducted 
and  terminated,  according  to  the  views  of  the  maker :  the 
sketch  in  this  figure  is  sufiicient  for  explaining  the  princi- 
ple^ and  is  suited  to  the  general  form  of  the  pump,  as  it 
has  been  frequenUy  made  by  Naime  and  other  artists  in 
London. 

Let  us  now  suppose  the  piston  at  the  top  of  the  barrel, 

and  that  it  applies  to  it  all  over,  and  that  the  air  in  the 

barrel  is  very  much  rarefied :  in  the  common  pump  the 

piston  valve  is  pressed  hard  down  by  the  atmosphere,  and 

^       continues  ^ut  till  the  piston  gets  far  down,  condenses 
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the  «r  bdow  it  beyond  its  natural  stated  and  enaUes  it  to 
fbfce  up  the  vahres.  But  here,  as  soon  as  the  piston  quits 
the  top  of  the  band,  it  leaves  a  void  behind  it ;  for  no  air 
gets  in  round  the  jnston  rod,  and  the  valve  at  K  is  shut  by 
the  pressure  of  Ae  atmosphere.  There  is  nothing  now  to 
oppose  the  elasticity  of  the  air  below  but  the  stifihess  of  the 
valve  be;  and  thus  the  expelling  (or  mote  accurately  the 
liberating)  force  is  prodi^ously  increased. 

The  superiority  of  this  construction  will  be  best  seen  by 
an  example.  Suppose  the  stiffness  of  the  valve  equal  to 
the  weight  of  jjf  of  an  inch  of  mercury,  when  the  barometer 
stands  at  30  inches,  and  that  the  pump  gage  stands  at 
5t9.9 ;  then,  in  an  ordinary  pump,  the  valve  in  the  piston 
will  not  rise  till  the  pistcMi  has  got  within  the  300th  part  of 
the  bottom  of  the  barrel,  and  it  will  leave  the  valve-hole 
filled  with  air  of  the  ordinary  denaty.  But  in  this  pump 
the  valve  will  rise  as  soon  as  the  piston  quits  the  top  of  the 
barrel ;  and  when  it  is  quite  down,  the  valve-hole  a  will 
contain  only  the  300th  part  of  the  air  which  it  would  have 
contained  in  a  pump  of  the  ordinary  form.  Suppose  fur- 
ther, that  the  barrel  is  of  equal  capadty  with  the  receiver, 
and  that  both  pumps  are  so  badly  constructed,  that  the 
space  left  below  the  jnston  is  the  300th  part  of  the  barreL 
In  the  common  pump  the  jnston  valve  will  rise  no  more^ 
and  the  rarefaction  can  be  carried  no  fardier,  however  de- 
licate the  barrel  valve  may  be ;  but  in  this  pump  the  next 
stroke  will  raise  the  gage  to  89.95,  and  the  jnston  valve 
will  again  rise  as  socm  as  the  piston  gets  half  way  down  the 
barreL 

The  limit  to  the  rarefaction  by  thb  pump  depoids 
dbiefly  on  the  space  contained  in  the  hole  LK ;  and  in  the 
space  i  cd  of  the  piston.  When  the  piston  is  brou^t  up 
to  the  top,  and  applied  dose  to  it,  those  spaces  remain 
filled  with  the  air  of  the  ordinary  density,  which  will  ex- 
pand as  the  {Hston  descends,  and  thus  will  retard  the  open- 
ing of  the  jiston  valve.    The  rarefiM^tion  will  stop  when 
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the  dasticitj  of  this  small  quantity  of  mt^tEfMukd  nat 
to  fill  the  whole  barrel  (by  the  deaoent  of  the  fiitoo  to  the 
bottom),  b  just  equal  to  the  fioEoe  requimfte  ifar  openiiig 
the  jnstoD  valve. 

Another  advantage  attending  tlua  ocmstrudiaBiiBikL  in 
drawing  up  the  jnston,  we  are  not  resisted  by  the  iriiole 
pressure  of  the  air ;  because  the  air  is  racefied  shore  d» 
jHston  as  well  as  below  it,  and  the  piatoa  ia  in  piedsdy  the 
same  state  of  pressure  as  if  oonnected  with  another  piston 
in  a  double  pump.  The  reastanoe  to  the  asoent  <£  the 
fnston  is  the  exoess  of  the  elastidty  of  the  air  above  it  over 
the  elasticity  of  the  air  below :  this,  toward  the  end  of  the 
rarefiu:tioD,  is  very  small|  while  the  piston  is  nesr  the  botp 
torn  of  the  barrel,  but  gradually  increases  as  the  poton 
rises,  and  reduces  the  air  above  it  into  snuJler  dtrnfiwinaii 
and  becomes  equal  to  the  pressure  of  the  atmoqibere^  when 
the  air  above  the  jHston  is  of  the  common  density.  IT  we 
should  raise  the  piston  still  farther,  we  must  oondense  the 
air  above  it :  but  Mr  Smeaton  has  here  made  an  issue  for 
the  mr  by  a  small  hole  in  the  top  of  the  barrel,  oorered 
with  a  delicate  valve.  This  allows  the  air  to  escape,  and 
shuts  again  as  soon  as  the  piston  begins  to  desoeoc.  Juv. 
ing  almost  a  perfect  void  behind  it  as  before. 

This  pump  has  another  advantage.  It  may  be  chai^ 
in  a  moment  from  a  rarefying  to  a  condenaing  engine,  by 
simply  turning  the  cocks  at  Q  and  T.  While  T  oommu* 
nicates  with  the  open  air  and  Q  with  the  receiver,  it  is  a 
rarefying  engine  or  air-pump :  but  when  T  oommunicsteB 
with  the  receiver,  and  Q  with  the  open  air,  it  is  a  condens- 
ing en^ne. 

Fig.  26.  represents  Mr  Smeaton's  air-pump  as  it  is 
usually  made  by  Naime.  Upon  a  solid  base  or  table  are 
set  up  three  pillars  F,  H,  H :  tlie  pillar  F  supports  the 
pump-plate  A ;  and  the  pillars  H,  H,  support  the  front  or 
head,  containing  a  brass  cog-whed,  which  is  turned  by  the 
L  handle  B,  and  works  in  the  rack  C  fastened  to  the  upper 
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end  0^  the  piston  rod.  The  whole  is  still  fiurther  «lei£ed 
bytwopeoesof  braflsciandoJI^  whidi  oonnect  the  pump- 
plate  with  the  fiont,  and  have  perforatioiis  communicating 
between  the  hole  a  in  the  middle  of  the  jdate  and  the  bar- 
rel, as  wiU  be  desoibed  immediately.  D  E  is  the  barrel 
of  the  pump,  firmlj  fixed  to  the  table  by  screws  through 
its  upper  flanch:  efdc  is  a  slender  brass  tube  screwed  to 
the  bottom  of  the  barrel,  and  to  the  under  hole  of  the  hoiip 
zontal  canal  c  b.  In  this  canal  there  is  a  cock  which  opens 
a  communication  between  the  barrel  and  the  recover,  wh^i 
the  key  is  in  the  portion  represented  here :  but  when  the 
key  is  at  right  angles  with  this  poation,  this  oommunica- 
tion  is  cut  off.  If  that  »de  of  the  key  which  is  here  drawn 
next  to  the  pump-plate  be  tunied  outward,  the  external  air 
is  admitted  into  the  receiver ;  but  if  turned  inwards,  the 
air  is  admitted  into  the  barrel. 

gh  is  another  dender  brasSifipe,  leading  from  the  dis- 
charg^g  valve  at  ^  to  the  horizontal  canal  A  Ar,  to  the  un- 
der ade  of  which  it  is  screwed  fiut.  In  this  horiiontal  ca- 
nal thare  is  a  cock  n  which  opens  a  passage  from  the  barrel 
to  the  recdver  when  the  key  is  in  the  position  here  drawn ; 
but  opens  a  passage  from  the  barrel  to  the  external  air  when 
the  key  is  turned  outwards,  and  from  the  receiver  to  the  ex- 
ternal air  when  the  key  is  turned  inwards.  Thb  communica- 
tion with  the  external  air  is  not  immediate,  but  through  a 
sort  of  box  « ,*  the  use  of  this  box  is  to  receive  the  cH  which 
is  discharged  through  the  top  valve  ^.  In  order  to  keep  the 
pump  tight,  and  in  working  order,  it  is  proper  sometimes 
to  pour  a  table-spoonful  of  olive-oil  into  the  hole  a  of  the 
pump-plate,  and  then  to  work  the  pump.  The  oil  goes 
along  the  conduit  b  c  dfcj  gets  into  the  barrel  and  through 
the  piston-valve,  when  the  pston  is  pressed  to  the  bottom 
of  the  barrel,  and  is  then  drawn  up,  and  fcnrced  through 
the  dischaiging  valve  g  along  the  pipe  ghj  the  horijfontal 
passage  An,  and  finally  into  the  boK{.  This  box  has*  small 
hole  in  its  side  tiear  Che  top,  thnmgh  nrfaieh  the  aireseaiies. 


sib  rmttfUktiCB. 

^  Aom  Ae  iippar  ode  of  the  cttkl  c  ft  tboEt 
fl|ril  %hich  bends  outward  and  dieo  tunls'  &>wiAvard8,  and 
ftrjoined  to  a  flmall  boK,  wludi  cannot  be  seen  in  fins  view. 
Arbm  the  bottom  of  this  box  proceeds  downwards  the 
glgpe-pipe  of  gins,  ifbkk  enters  the  csstern  of  mercury  6 

flBSBCI  DeiOWtf 

-' On  the  upper  flUb  of  the  olher  canal  at  o  is  seen  a  small 
atadf  having  »  short  pipe  of  j^ass  pvogeeting  horizontally 
fimn  ity  dose  by  and  pamDd  to  the  front  piece  of  the 
pmtpf  and  readiing  to  the  other  canaL  rthis  ppe  is 
dbse  at  tile  farther  end,  imd  has  »  small  drop  of  mercury 
(M^  iiil  in  at  the  end  a  This  serves  as  a  gage  in'  condens- 
ilii^  indioUing  the  degree  of  condensation  by  the  place  of 
Ae  drop :  for  this  drop  is  forced  along  the  pipe^  ccmdens-* 
kig  the  mr  befive  it  in  tiie  same  degree  that  it  is  condensed 
in  the  barrel  and  recdver. 

in  consMicting  this  pump,  Mr  Smeaton  introduced  a 
iMtiiod  of  joining  togetiier  the  different  pqiels  and  other 
phoss^'  vAddi  has  great  advantages  over  the  usual  manner 
oTscrewing  them  togiether  with  leather  between,  and  which 
is  now  much  used  in  hydraulic  and  pneumatic  en^es.  We 
shall  explain  this  to  our  readers  by  a  description  of  the 
manfner  in  which  the  exhausting  gage  is  joined  to  the  ho- 
riaontal  duct  c  6. 

The  piece  h  ip^  in  Fig.  24.  is  the  same  with  the  littie 
cylinder  observable  on  the  upper  rade  of  the  horizon* 
tal  canal  c  d»  in  Fig.  26.  The  ppper  part  A  t  is  formed 
into  an  outside  screw,  to  fit  the  hollow  screw  of  the  piece 
deed.  The  top  of  this  last  piece  has  a  hole  in  its  middle, 
giving  an  easy  passage  to  the  bent  tube  c  &  a,  so  as  to  slip 
along  it  with  freedom.  To  the  end  c  of  this  bent  tube 
is  soldered  a  piece  of  brass  c/'gj  perforated  in  continuation 
of  the  tube,  and  having  its  end  ground  flat  on  the  top  of 
the  piece  hip,  and  also  covered  with  a  slip  of  tUn  leather 
strained  across  it  and  pierced  with  a  hole  in  the  middle. 

It  is  plain  from  this  form,  that  if  the  mu&ce/'g  be  ap- 
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pfiod  to  the  tq>  of  &{,  and  the  eoYex  deed  be  screwed 
down  on  it,  it  will  draw  or  press  them  together,  so  that  no 
air  can  escape  by  the  joint,  and  this  without  turning  the 
whole  tube  cba round,  as  is  necessary  in  the  usual  way. 
This  method  is  now  adopted  for  jcnning  together  the  con- 
ducting pipes  of  the  machines  for  extinguishing  fires,— an 
operation  which  was  extremely  troublescnne  before  this 
improvement 

The  conduit  pipe  E  efc  (Fig.  26.)  is  fastened  to  tlie 
bottom  of  the  barrel,  and  the  discharging  jnpe  ^  A  to  its 
top,  in  the  same  manner.  But  to  return  to  the  gage  :  the 
bent  pipe  cba  enters  the  box  e t  near  one  nde,  and  ob- 
liquely, and  the  gage-pipe  g  r  is  inserted  through  its  bot- 
tom towards  the  opposite  side.  The  use  of  this  box  is  to 
catch  any  drops  of  mercury  which  may  sometimes  be  dash- 
ed up  through  the  gage  pipe  by  an  accidental  oscillation. 
This,  by  going  through  the  passages  of  the  pump,  would 
corrode  them,  and  would  act  particularly  on  the  joints, 
which  are  generally  soldered  with  tin.  When  this  happens 
to  an  air-pump,  it  must  be  cleaned  with  the  most  scrupu- 
lous attention,  otherwise  it  will  be  quickly  destroyed. 

This  account  of  Smeaton^s  piunp  is  sufficient  for  enabling 
the  reader  to  understand  its  operation  and  to  see  its  supe- 
riority. It  is  reckoned  a  very  fine  pump  of  the  ordinary 
construction,  which  will  rarefy  200  times,  or  raise  the  gage 
to  20-85,  the  barometer  standing  at  30.  But  Mr  Smeaton 
found,  that  his  pump,  even  after  long  using,  raised  it  to 
29.95,  which  we  consider  as  equivalent  to  rarefying  600 
times.  When  in  fine  order,  he  found  no  bounds  to  its  ra- 
refaction, frequently  raising  the  gage  as  high  as  the  baro- 
meter; and  he  thought  its  performance  so  perfect,  that 
the  barometer-gage  was  not  suffidently  delicate  for  mea- 
suring the  rarefaction.  He  therefore  substituted  the  sy- 
phon-gage already  described,  which  he  ^ves  some  reasons 
for  preferring ;  but  even  this  he  found  not  suffidently  sen- 
sible. 


S90  pNKiniATica. 

He  oontriTed  another,  whidb  eould  be  tanmi  to  mq 
degree  of  seonbilitj.  It  consisted  of  Agbas  bo^  A  (Fig. 
27.)9  of  a  pear  dbape,  and  was  therefore  oalkd  Ae  peir* 
gage.  This  had  a  small  prcgectuig  orifice  at  B|  ndat 
the  other  end  a  tube  CD,  whose  capacity  was  thefaaniiddi 
part  of  the  capacity  of  the  whole  Teasd.  Thb  was  soi- 
pended  at  the  slip-wire  of  the  receiver,  and  there  was  ict 
below  it  a  small  cup  with  mercury.  YiThen  the  puaip  m 
worked,  the  air  in  the  pear-gage  was  rarefied  along  irith 
the  rest  When  the  rarefaction  was  brought  to  the  d^ 
gree  intended,  the  gage  was  let  down  till  B  readied  die 
bottom  of  the  mercury.  The  external  mir  bdng  noir  let 
in,  the  mercury  was  raised  into  the  pear,  and  stood  atane 
bright  E  m  the  tube  CD.  The  length  of  tins  tube  boag 
divided  into  100  parts,  and  those  numbered  firom  D,  itii 

DE 

evident  that  -=r^  will  express  the  d^;ree  of  raiefivtiao 

which  had  been  produced  when  the  gage  was  imiDcned 
into  the  mercury ;  or  if  DC  be  x  J^  of  the  whole  capKity) 
and  be  divided  into  100  parts  by  a  scale  annexed  to  it,  each 
unit  of  the  scale  will  be  j^t^^  of  the  whole. 

This  was  a  very  ingenious  contrivance,  and  has  been  the 
means  of  making  some  very  curious  and  important  disco- 
veries which  at  present  engage  the  attention  of  philoaophenL 
By  this  gage  Mr  Smeaton  found,  that  his  pump  firequeadj 
rarefied  a  thousand,  ten  thousand,  nay  an  hundred  thou- 
sand times.  But  though  he  in  every  instance  saw  the  grot 
superiority  of  his  pump  above  all  others,  he  frequoitly 
found  insularities  which  be  could  not  explain,  and  a  want 
of  correspondence  between  the  pear  and  the  barcnneter 
gages  which  puzzled  him.  The  pear-gage  frequently  indi- 
cated a  prodi^ous  rarefisurtion,  when  the  barometer-gage 
would  opt  shew  more  than  600. 

These  unaccountable  phenomena  excited  the  curiosity 
of  philosophers,  who  by  this  time  were  making  oontinual 
use  of  the  air-pump  in  their  meteorological  researches,  and 

6 


PKXUKATIC*.  5ffl 

mudi  intocsted  in  every  thmg  oooiiected  with  the  state  or 
ooDsdtutum  of  dntie  fluids.  MrNairne^aiiiostingeBioiis 
and  accurate  maker  of  philosophical  instnimeiits^  made 
many  curioas  experiments  in  the  examination  and  oompari* 
son  oF  Mr  Smeaton*^  pump  with  those  of  the  usnal  ooo-^ 
struction,  attending  to  every  circumstance  which  could  con* 
tribute  to  the  inferiority  of  the  common  pumps  or  to  their 
impromnent,  so  as  to  bring  them  nearer  to  this  rtval  ma- 
chine. This  rigorous  comparison  brought  into  view  fe« 
veral  drcnmstances  in  the  constitution  of  the  atmospheric 
air,  and  its  relation  to  other  bodies,  which  are  of  the  most 
extensive  and  impcMtant  influence  in  the  operations  of  n»* 
ture.  We  shall  notice  at  present  such  only  as  have  a  rda* 
tion  to  the  op^ntion  of  the  air-pump  in  extracdng  air 
from  the  receiver. 

Mr  Naime  found,  that  when  a  little  water,  or  even  a  bit 
of  paper  damped  with  water,  was  exposed  under  the  re- 
cover of  Mr  Smeaton's  air-pump,  when  in  the  most  peifiset 
condition,  raiang  the  mercury  in  the  baiometer-gage  to 
29.96,  he  could  not  make  it  rise  above  S9.8  if  Fahrenheit's 
thermometer  indicated  the  tanperature  47^,  nor  above 
S9.7  if  the  theitnometer  stood  at  55^;  and  that  to  faring 
the  gage  to  this  height  and  keep  it  there,  the  operation  of 
the  pump  must  be  continued  for  a  long  time  afler  the  w»- 
ter  had  disappeared,  or  the  paper  become  perfectly  dry. 

He  found  that  a  drop  of  ifMrits,  or  paper  moistened  with 
spirits,  could  not  in  those  circumstances  allow  the  Inercury 
in  the  gage  to  rise  to  near  that  height ;  and  that  similar 
efliects  followed  from  admitting  any  volatile  body  whatever 
into  the  recriver  or  any  part  of  the  apparatus. 

This  showed  him  at  once  how  improper  the  direetiaiis 
were  whidi  had  been  given  by  Ghiericfae,  Boyle,  Grave. 
sande,  and  others,  for  fitting  up  the  air-pump  for  experi- 
ment, by  soaking  the  leather  in  water,  covering  the  joints 
with  water,  or,  in  short,  admitting  water  or  any  other  vola. 
tile  body  near  it 
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•M 


'  vl  'lko!iDaiilara  whkiilM  isMld  dnfB->froBi  tbta:  bjr  hetty 
iriid  din  rlMdMNd  i  them  Mwlr;iiith'  larthgr  wifc>d  in  a 
liUtnm  of  eliveiicil!aiidtaUoiri  ftMniriMk  he  Aid  cqpdU 

:iidaB  the  imUt^  k  JunattT  ccntni.  Ii7  beiEiff  k  tittthe 

-  fint  fiodnog. WW  oiwr*  'When  .the  pumpS'  wen  .fitted  up 
mfdus  nuuin»V  h»  iintfoRnljr  fimnd  thift  Mr  Smeatoa^i 

-  poop  nraflfld  •  llie  -gage  tv  99.ft5»-«od  the  bait  eammaB 
pump  to  20L87,  thefintof  wiwlilieeaiiq^tedtoiiidioite 
qjwuafiwtkm  to  600,  aodthe  other  to  flSa  But  in  this 
lirteheagufiMmdthetupMoe  efdamp  paper,  leather, 
'^fooAf  te»  io'dba  leceivar,  ladweed  the  peilumanoe  in  the 

f  •  <But  th^iDoat  Temarludda  pfaanttenon  wa^ 
BMde  use  of  the  pear-gage  with  the  pump  dearedfima  all 
aoistaie,-  it'indioatad  the  seme  degree  of  DudbqtiQii  with 
-dM  faaxomelar-gaga:  but.  when  he  cqioasd  «  bit  of  paper 
noislaDed  with  Bpirits^^aiid'duis  redoeed.thanidbetion  of 
4dbe  pump  tD  what  he.odled  <0^  the  bararaetai^fpi^  atsad^ 
ing  at  S9.4,  the  pear-gage  indicated  a  rarefaction  exceeding 
100,000 ;  in  short,  it  was  not  measurable ;  and  this  pheno- 
menon was  almost  constant  Whenever  he  exposed  any 
substance  susceptible  of  evaporation,  he  found  the  rarefac- 
tion indicated  by  the  barometer-gage  greatly  reduced,  while 
that  indicated  by  the  pear-gage  was  prodigiously  increased ; 
and  both  these  effects  were  more  remarkable  as  the  subject 
was  of  easier  evaporation,  or  the  temperament  of  the  air  of 
the  chamber  was  warmer. 

This  uniform  result  suggested  the  true  cause.  Water 
boils  at  the  temperature  SIS,  that  is,  it  is  then  converted 
into  a  vapour  which  is  permanently  elastic  while  of  that 
temp^Bture,  and  its  elasticity  balances  the  pressure  of  the 
atmosfdiere.  If  this  pressure  be  diminished  by  rarefying 
the  air  above  it,  a  lower  temperature  will  now  allow  it  to 
be  converted  into  elastic  vapour,  and  keep  it  in  that  state. 
Water  will  boil  in  the  receiver  of  an  air-pump  at  the  tem- 


perament  96,  or  erai  under  it  Philonphers  did  not  think 
of  examining  the  state  of  the  vapour  in  temperatures  lower 
than  what  produced  ebullition.  But  it  now  appears,  that 
in  much  lower  heats  than  this  the  superfidal  water  is  con- 
verted into  elasdc  vapour,  which  continues  to  exhale  from 
it  as  long  as  the  water  lasts,  and,  supplying  the  place  of 
air  in  the  receiver,  exerts  the  same  elasticity,  and  hinders 
the  mercuiy  from  rising  in  the  gage  in  the  same  manner  as 
so  much  air  of  equal  elastidty  would  have  done. 

When  Mr  Nume  was  exhibiting  these  experiments  to 
the  E^onourable  Henry  Cavendish  in  1776,  this  gentleman 
informed  him  that  it  appeared  from  a  series  of  experi- 
ments of  hb  father.  Lord  Charles  Cavendish,  that  when  wa- 
ter is  of  the  temperature  72°,  it  is  converted  into  vapour, 
tinder  any  pressure  less  than  three-fourths  of  an  inch  of 
mercury,  and  at  41°  it  becomes  vapour  when  the  pressure 
is  less  than  one-fourth  of  an  inch :  even  mercury  evapo- 
rates in  this  manner  when  all  pressure  is  removed.  A  dewy 
appearance  is  frequently  observed  covering  the  inside  of 
the  tube  of  a  barometer,  where  we  usually  suppose  a  va- 
cuum. This  dew,  when  viewed  through  a  microscope,  ap- 
pears to  be  a  set  of  detached  globules  of  mercury,  and  up- 
on incKning  the  tube  so  thatthe  mercury  may  ascend  along 
it,  these  globules  will  be  all  licked  up,  and  the  tube  become 
clear.  The  dew  which  lined  it  was  the  vapour  of  the  mer- 
cury condensed  by  the  ride  of  the  tube ;  and  it  is  never 
observed  but  when  one  side  is  exposed  to  a  stream  of  cold 
air  from  a  window,  8z:c. 

To  return  to  the  vapour  in  the  air-pump  receiver,  it 
roust  be  observed,  that  as  long  as  the  water  continues  to 
yield  it,  we  may  continue  to  work  the  pump;  and  it  will 
be  continually  abstracted  by  the  barrels,  and  dischaiged  in 
the  form  of  water,  because  it  collapses  as  soon  as  exposed 
to  the  external  pressure.  All  this  while  the  gage  will  not  in* 
dicate  any  more  rarefaction,  because  the  thing  immediately 
indicated  by  the  barometer-gage  is  dimimahed  ekuticUjff 
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whidi  does  not  liappeD  here.     When  all  the  iriler  wludi 
the  temperature  of  the  room  can  keep  elastic  htt  evaporat- 
ed under  a  certain  pressure,  suppose  i  an  indiofmercuiji 
the  gage  standing  at  S9*5,  the  vapour  which  now  61k  the 
receiver  expands,  and  by  its  diminished  elasticity  the  gige 
rises,  and  now  some  more  water,  which  had  beoi  attadied 
.   tobodiesby  chemical  or  corpuscular  attraction,  is  detached, 
and  a  new  supply  continues  to  support  the  gage  at  a  grett- 
cr  height ;  and  this  goes  on  continually  till  almost  all  hai 
been  abstracted :  but  there  will  remain  some  which  no  art 
can  take  away ;  for  as  it  passes  tlirough  the  barrels^  and 
gets  between  the  piston  and  the  top,  it  successively  collap- 
ses into  water  during  the  ascent  of  the  piston,  and  agun 
expands  into  vapour  when  we  push  the  piston  down  agim. 
Whenever  this  happens  there  is  an  end  of  the  rarefactioa. 
While  this  operation  is  going  on,  the  air  comes  out  along 
with  the  vapour ;  but  we  cannot  say  in  what  proportion. 
If  it  were  always  uniformly  mixed   with   the  vapour,  it 
would  diminish  rapidly ;  but  this  does  not  appear  to  be  the 
case.     There  is  a  certain  period  of  rarefaction  in  which  a 
transient  cloudiness  is  perceived  in  the  receiver.    This  'is 
watery  vapour  formed  at  that  degree  of  rarefaction,  ming- 
led with,  but  not  dissolved  in  or  united  with,  the  air,  other- 
wise it  would  be  transparent.     A  similar  cloud  will  appear 
if  damp  air  be  admitted  suddenly  into  an  exhausted  receir- 
er.     The  vapour,  which  formed  an  uniform  transparent 
mass  with  the  air,  is  either  suddenly  expanded,  and  thus 
detached  from  the  other  ingredient,  or  is  suddenly  let  go 
by  tlie  air,  which  expands  more  than  it  does.     We  cannot 
affirm  with  probability  which  of  these  is  the  case :  different 
compositions  of  air,  that  is,  air  loaded  with  vapours  from 
different  substances,  exhibit  remarkable  differences  in  this 
respect.     But  we  sec  from  this  and  other  phenomena,  which 
shall  be  mentioned  in  their  proper  places,  that  the  air  and 
vapour  are  not  always  intimately  united ;  and  therefore 
will  not  always  be  drawn  out  together  by  the  air  pump. 
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But  let  them  be  ever  so  confusedly  blended,  we  see  that 
the  air  must  come  out  along  with  the  vapour,  and  its  quan- 
tity remaining  in  the  receiver  must  be  prodigiously  dimi^ 
nished  by  this  association,  probably  much  more  than  could 
be,  had  the  receiver  only  contained  pure  air. 

Let  us  now  consider  what  must  happen  in  the  pear-gage. 
As  the  air  and  vapour  are  continually  drawn  off  from  the 
receiver,  the  air  in  the  pear  expands  and  goes  off  with  it 
We  shall  suppose  that  the  generated  vapour  hinders  the 
gage  from  rising  beyond  29.5.  During  the  continued 
working  of  the  pump,  the  air  in  the  pear,  whose  elasticity 
is  0.5,  slowly  mixes  with  the  vapour  at  the  mouth  of  the 
pear,  and  the  mixture  even  advances  into  its  inside,  so  that 
if  the  pumping  be  long  enough  continued,  what  is  in  the 
pear  is  nearly  of  the  same  compontion  with  what  is  in  the 
receiver,  coninsting  perhaps  of  20  parts  of  vapour,  and  one 
part  of  air,  all  of  the  elasticity  of  0.5.  When  the  pear  is 
plunged  into  the  mercury,  and  the  external  air  allowed  to 
get  into  the  receiver,  the  mercury  rises  in  the  pear-gage, 

and  leaves  not  ^,  but   ^^^^^.^    or  j^  of  it  filled  with 

common  air,  the  vapour  having  collapsed  into  an  invisible 
atom  of  water.  Thus  the  pear-gage  will  indicate  a  rare- 
faction of  1200,  while  tlie  barometer-gage  only  showed  60, 
that  is,  showed  the  elasticity  of  the  included  substance  di- 
minished 60  times.  The  conclusion  to  be  drawn  from  these 
two  measures  (the  one  of  the  rarefaction  of  air,  and  the 
other  of  the  diminution  of  elasticity)  is,  that  the  matter  with 
which  the  receiver  was  filled,  immediately  before  the  re-ad- 
mission of  the  air,  consisted  of  one  part  of  the  incondenn- 

, ,  ,  1200       ^^  ^      , 

bie  au",  and    •      ,  or  SO  parts  of  watery  vapour. 

The  only  obsctme  part  of  this  account  is  what  relates  to 
tlie  composition  of  the  matter  which  filled  the  pear-gage 
before  the  admission  of  the  mercury.  It  is  not  easy  to  see 
how  the  vapour  of  the  receiver  comes  in  by  a  narrow 
mouth  while  the  air  is  coming  out  by  the  same  passage. 


* 

o^tonsle  nrefiu^tkni  in  the  ^limt^g^i  and  Acm «ie  great 
iiy^ularitiee  in  «7  twv/siiooeediB|[  oq^ 
lU  I7  kwUDg  «t  lAr  Nainc^s  a^^ 
loeophical  Tranaaetionis^  voL  LXY n.    Some  ▼apeun  ap. 
yitk  to  havef  ittbMd  mudi  mdlre  midilj  with  tlie  air  thfem 
ottKnr;  ^biH  tbeier alfe*  Mmm  vmaoooiuitaMe  ciaea  irheie- tip 
triUie  fticP  add  fti^nretow  bodiea  wevfe'  inclddedli  in  wbidi 
dM  dittttkitttfltfr  of  Selidtjr  faidicat^  by  tbe  pear-gage  wm 
vUSuhsAy  \em  thav  the'  diminfiticm  ei  dastfcky  indicated 
Wthe  bmoMWiter-gage.    It  iv  enoiigh  fer  ne  At  pretebt  to 
1Mb  Matoiwd;,  hy  unquMlionabte  facU^  thit'pnriucticm 
drdMic  Viqpcmry  aMl  the  neoeant^  of  attetffingttf  it^  l)oth 
iil  llitf  cMMMetufb*  oT  the  a]»*piinip*and  itt'dn^ 
.  OSSk  Ayenflienei  cunntecr  in  it. 
.'Jbf  SihdNdifa  ptuflp;  when  in  good  ordeiV  '^  perftetlj 
^HbPtMbfiH  flk&fcire^  irill  indtj  weathdr  lartfy  air  about 
660  times;  nSaStig  thcr  baMheter-gage  to  wUia  ^^  of  an 
iMftaftfltiitf barometer.    Tins way»perfaraiaDed so mudi 
superior  to  that  of  all  others,  and  by  rnean^  of  Mr  Naime's 
experiments  opened  so  new  a  field  of  observation,  that  the 
air-pump  once  more  became  a  capital  instrument  among 
the  experimental  philosophers.     The  causes  of  its  superi- 
ority were  also  so  distinct,  that  artists  were  immediately 
excited  to  a  farther  improvement  of  the  machine ;  so  that 
this  becomes  a  new  epoch  in  its  history. 

There  Is  one  imperfection  which  Mr  Smeatonhas  not  at- 
tempted to  remove.  The  discharging  valve  is  still  opened 
against  the  pressure  of  the  atmosphere.  An  author  of  the 
Swedish  academy  adds  a  subsidiary  pump  to  this  valve, 
which  exhauists  the  air  from  ab6ve  it,  and  thus  puts  it  in 
the  situation  of  the  piston-valve.  We  do  not  find  that 
this  improvement  has  beenr  fulopted  so  as  to  become  gene^ 
raL  Indeed,  the  quantity  of  air  which  remains  in  the 
passage  to  this  valve  is  so  exceedmgly  little,  that  it  does 
not  sessir  to  merit  attention.    Suppoong  the  vah^hde  ^V 
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of  an  inch  wid^  and  as  deep  (and  it  need  not  be  more),  it 
will  not  occupy  more  than  ^^qjj  ^>art  of  a  barrel  twelve 
inches  long  and  two  inches  wide. 

•Mr  Smeaton,  by  his  ingenious  construction^  has  greatly 
<]Uminished,  but  has  not  annihilated,  the  obstructions  to  the 
passage  of  the  air  from  the  receiver  into  the  barrel.  His 
success  encouraged  farther  attempts.  One  of  the  first  and 
most  ingenious  was  that  of  Professor  Russel  of  the  Univer- 
sity of  Edinburgh,  who,  about  the  year  1770,  constructed  a 
pump  in  which  both  cocks  and  valves  were  avcnded. 

The  piston  is  solid,  as  represented  in  Fig.  28.  and  its 
rod  passes  through  a  collar  of  leather  on  the  top  of  the  bar- 
reL  This  collar  is  divided  into  three  portions  by  two  brass 
rings  a,  6,  which  leave  a  very  small  space  round  the  piston- 
rod.  The  upper  ring  a  oxnmunicates  by  means  of  a  la- 
teral perforation  widi  the  bent  tube  /,  m,  n,  which  enters 
the  barrel  at  its  middle  n.  The  lower  ring  b  communicates 
with  the  bent  tube  c,  d,  which  communicates  with  the  ho- 
rizontal passage  d,  ^,  going  to  the  middle  e  of  the  pump 
plate.  By  the  way,  however,  it  communicates  also  with  a 
barometer-gage  p  o,  standing  in  a  dstem  of  mercury  o,  and 
covered  with  a  glass  tube  dose  at  the  top.  Beyond  e,  on 
the  opposite  drcumference  of  the  receiver-idate,  there  is  a 
cock  or  plugy  communicating  with  the  atmosphere. 

The  piston-rod  is  closely  embraced  by  the  three  collars 
of  leather ;  but,  as  already  said,  has  a  free  space  round  it 
in  the  two  brass  rings.  To  produce  this  pressure  of  the 
leathers  to  the  rod,  the  brass  rings  which  separate  them 
are  turned  thinner  on  the  inner  side,  so  that  their  cross 
section  along  a  diameter  would  be  a  taper  wedge.  In  the 
side  of  the  piston-rod  are  two  cavities  qr^t  8,  about  on&. 
tenth  of  an  inch  wide  and  deep,  and  of  a  length  equal  to 
the  thickness  of  the  two  rings  a,  6,  and  the  intermediate 
collar  of  leathers.  These  cavities  are  so  placed  on  the 
piston-rod,  that  ^en  the  piston  is  appUed  to  the  bottom 
of  the  barrel,  the  cavity  ^  « in  the  upper  end  of  the  rod 
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has  its  upper  end  opposite  to  the  ring  a,  and  its  lover  eid 
opposite  to  the  ring  b^  or  to  the  mouth  of  the  pipe  c  L 
Therefore,  if  there  he  a  void  in  tlie  barrel,  the  air  fiom 
the  receiver  will  come  from  the  pipe  c  d  into  the  csTity  in 
the  piston-rod,  and  by  it  will  get  past  the  collar  of  kssher 
between  the  rings,  and  tlius  will  get  into  the  small  inter- 
stice between  the  rod  and  the  upper  ring^  and  thea  into 
the  pipe  Imn^  and  into  the  empty  barrel.  When  the  pit- 
ton  is  drawn  up,  the  solid  rod  immediately  shuts  up  tliis 
passage,  and  the  piston  drives  the  air  through  the  disduug- 
ing  valve  it.  When  it  has  reached  the  top  of  the  hurel, 
and  is  closely  applied  to  it,  the  cavity  9  r  is  in  theatuatioa 
in  which  t  s  formerly  was,  and  the  communication  isa^ 
opened  between  the  receiver  and  the  empty  barrel,  sod  tbe 
air  is  again  diffused  between  them.  Pushing  down  the 
piston  expels  the  air  by  the  lower  discharging-pipe  and 
valve  h  i ;  and  thus  the  operation  may  be  continued. 

This  must  be  acknowledged  to  be  a  most  simple  and  in- 
genious construction,  and  can  neither  be  called  a  cock  nor 
a  valve.     It  seems  to  oppose  no  obstruction  whatever;  and 
it  has  the  superior  advantage  of  rarefying  both  during  the 
ascent  and  the  descent  of  the  piston,  doubling  the  expedi- 
tion of  the  performance,  and  the  operator  is  not  opposed  by 
the  pressure  of  the  atmosphere,  except  towards  the  end  of 
each  stroke.     The  expcdiiion,  however,  is  not  so  great  as 
one  should  expect ;  for  nothing  is  going  on  while  the  pistoo 
is  in  motion,  and  tlie  operalor  must  stop  a  wliile  at  the  end 
of  each  stroke,  that  the  air  may  have  time  to  come  through 
this  long,  narrow,  and  crooked  passage,  to  fill  tlie  barrel 
But  the  chief  difficulty  which  occurred  in  the  execution 
arose  from  the  clammy  oil  with  which  it  was  necessary  to 
impregnate  the  collar  of  leathers.     These  were  always  in  a 
state  of  strong  compression,  that  they  might  closely  grasp 
the  piston-rod,  and  prevent  all  passage  of  air  during  die 
motion  of  the  piston.     Whenever  therefore  tlie  cavities  in 
the  piston-rod  come  into  the  situations  necessary  for  con- 
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necting  the  recover  and  barrel,  this  oil  is  squeesed'  into 
them,*  and  dioaks  them  up.  Hence  it  always  happened 
that  it  was  some  time  after  the  stroke  before  the  air  could 
force  its  way  round  the  jHston-rod,  carrying  inth  it  the 
clammy  oil  which  choaked  up  the  tube  Imn;  and  when 
the  rarefraction  had  proceeded  a  certain  length,  the  dimi- 
nished elasticity  of  the  ear  was  not  able  to  make  its  way 
through  these  obstructions.  The  death  of  the  ingenious 
author  put  a  stop  to  the  improvements  by  which  he  hoped 
to  remedy  this  defect,  and  we  have  not  heard  that  any 
other  person  has  since  attempted  it.  We  have  inserted  it 
here,  because  its  prindple  of  construction  is  not  only  very 
ingenious,  but  entirely  different  from  all  others,  isnd  may 
furnish  very  useful  hints  to  those  who  are  much  engaged 
in  the  construction  of  pneumatic  engines. 

In  the  73d  volume  of  the  Philosophical  Transactions, 
Mr  Tiberius  Cavallo  has  given  the  description  of  an  air- 
pump  contrived  and  executed  by  Messrs  Haas  and  Hur- 
ter,  instrument-maker^  in  London,  where  these  artists 
have  revived  Guericke^s  method  of  opening  the  barrel- 
valve  during  the  last  strokes  of  the  pump  by  a  force  acting 
from  without  We  shall  insert  so  much  of  this  -description 
as  relates  to  this  distinguishing  circumstance  of  its  con- 
struction. 

Fig.  26.  represents  a  section  of  the  bottom  of  the  barrel, 
where  A  A  is  the  barrel  and  BB  the  bottom,  which  has  in 
its  middle  a  hollow  cylinder  CCFF,  projecting  about  half 
an  inch  into  the  barrel  at  CC,  and  extending  a  good  way 
downwards  to  FF.  The  space  between  this  projection  and 
the  sides  of  the  barrel  is  filled  up  by  a  brass  ring  DD,  over 
the  top  of  which  is  strained  a  piece  of  oiled  silk  ££,  which 
performs  the  office  of  a  valve,  covering  the  hole  CC.  But 
this  hole  is  filled  up  by  a  piece  of  brass,  or  rather  an  assem- 
blage of  pieces  screwed  together  66HHII.  It  consists  of 
three  projecting  fillets  or  shoulders  66,  HH,  II,  which 
Harm  two Jicdlows  between  theniy  and  whiebjune  filled  with 
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rings  of  ixUfii  leather  OO,  PP,  finp^ly  $pnmtA  MfBthoc 
The  extreme  filleU  GG,  II,  are  of  equal  diameter  with  the 
inside  of  the  cj^linder,  so  as  to  ^  it  escactly,  ^nd  the  vholc 
stuffed  with  died  leather,  alide  up  wd  down  withoiii  alknr- 
bg  any  air  to  pass.     The  middle  fiUet  HH  is  not  to 
broad,  but  thicker.    In  the  upper  fillet  GG  there  is  formed 
a  shallow  dish  about  ^  of  an  inch  deep  wdd  }  wide.    This 
dish  is  covered  with  a  thin  plate^  pierced  with  a  gra&Dg 
like  Mr  Smeaton>  valve-plate.      There  is  a  perfarsbflo 
VX  alopg  the  axis  of  this  piece,  which  has  a  passage  out 
at  onie  side  H»  thrwgh  the  middle  fillet.     Opponte  Co  tlui 
passage,  and  in  the  side  of  the  cylinder  CCFF,  is  s  hole 
M,  communicating  with  the  conduit  pipe  MS,  which  lads 
to  the  receiver.     Into  the  lower  end  of  the  perforatioais 
screwed  the  pin  KL,  whose  tail  L  passes  through  the  cap 
FF.     The  jtul  L  is  connected  with  a  lever  RQ,  moTesUe 
round  the  joint  Q.     This  lever  is  pushed  upwards  bv  a 
spring,  and  thus  the  whole  juece  which  we  have  been  de- 
scribing is  kept  in  contact  with  the  slip  of  oiled  rilk  orvalte 
£E.     This  is  the  usual  situation  of  things. 

Now  suppose  a  void  formed  in  the  barrel  by  dnwing 
up  the  piston,  the  elasticity  of  the  air  in  the  recrirer,  in 
the  pipe  NM,  and  in  the  passage  XV,  will  press  on  the 
great  surface  of  the  valve  exposed  through  the  gradog, 
will  raise  it,  and  the  pump  will  perform  precisely  as  Mr 
Smeaton'^s  does.  But  suppose  the  rarefaction  to  have  been 
so  long  continued,  that  the  air  is  no  longer  able  to  raise  the 
valve ;  this  will  be  seen  by  the  mercury  ridng  no  more  in 
the  pump-gage.  When  this  is  perceived,  the  operator 
must  press  with  his  foot  on  the  end  II  of  the  lever  RQ- 
This  draws  down  the  pin  KL,  and  with  it  the  whole  hollow 
plug  with  its  grated  top.  And  thus,  instead  of  raising  the 
valve  from  its.  plate,  the  plate  is  here  drawn  down  from  the 
valve.  The  air  now  gets  in  without  any  obstruction  what- 
ever, and  the  rarefaction  proceeds  as  long  as  the  piston  rises. 
When  it  is  at  the  top  of  the  bfrrel,  the  operator  takes  his  fiiot 
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ftom  tbekn^er,  and  the  qfning  pranet  up  tbe plug  agun 
fmd  ahati  the  valfei  The  pistoiHrod  passes  through  a 
collar  g[  leather,  as  in  Mr  Smeatoo^s  pump,  and  the  «r 
jb  finally  dischaxgod  through  an  outward  valve  in  the 
top  of  the  barreL  These  parts  have  nothing  peculiar  in 
them. 

This  1^  an  ingemous  contrivance,  similar  to  what  was 
adopted  by  Guwicke  himself;  and  wc  have  no  doubt  of 
these  pumps  performing  extremely  wdl  if  carefully  made : 
and  it  seems  not  difficult  to  keep  the  plug  perfectly  aiv* 
Ught  by  supplying  plenty  of  oil  to  the  leathers.  We  can- 
not say,  however,  with  precision  what  may  be  expected 
from  it,  as  no  account  has  been  given  of  its  cffiacts  besides 
lirhat  Mr  Cavallo  published  in  the  PIukiBophical  Transact 
tions  1783,  whare  he  only  says,  that  when  it  had  been  Icmg 
use^,  it  had,  in  the  course  of  some  experiments,  rarefied 
500  times. 

Aiming  still  at  the  removing  the  obstructions  to  the  en- 
try of  the  air  from  the  receiver  into  the  bairels,  Mr  Britioei 
an  American,  has  constructed  a  pump  in  which  there  is  no 
yalve  or  cock  whatever  between  them.  In  this  pump  the 
piston-orod  passes  through  a  collar  of  leathers,  and  the  air 
is  finally  discharged  through  a  valve,  as  in  the  two  last. 
But  we  are  chiefly  to  attend,  in  this  place,  to  tlie  commu« 
nication  .between  the  barrel  and  the  receiver.  The  barrel 
widens  below  into  a  sort  of  cistern  AiBGD  (Fag.  30.) j  com- 
municating with  the  receiver  by  the  ppeEF.  As  soon, 
therefore,  bs  the  pston  gets  into  this  wider  part,  where 
there  is  a  vacancy  all  round  it,  the  air  of  the  receiver  ex- 
pands freely  throu^  the  passage  FEE  into  the  barrel,  in 
which  the  descent  of  the  piston  had  made  a  void.  When 
the  piston  is  again  drawn  up,  as  soon  as  it  gets  into  the  cy- 
lindric  part  of  the  barrel,  which  it  exactly^fill8,^,it  carries  up 
the  air  before  it,  and  expels  it  by  the  top  valve ;  and,  that 
this  may  be  done  more  completely,  this  valve  opens  into  a 
second  band,  or  atti-pamp»  wboae  piston  ia  rising  at  the 
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■ame  time,  and  therefore  the  valve  of  oommunicatian 
(which  is  the  dischar^ng  valve  of  the  pimary  pump) 
opens  with  the  same  facility  as  Mr  ^neatdn^s  jnston-valve. 
IVhile  the  piston  is  riung,  the  air  in  the  receiver  expands 
into  the  barrel ;  and  when  the  piston  descends,  the  air  in 
the  barrel  again  collapses  till  the  piston  gets  again  into  the 
cistern,  when  the  air  passes  oat,  and  fills  the  evacuated 
barrel,  to  be  expelled  by  the  piston  as  before. 

No  distinct  account  has  as  yet  been  given  of  the  perform- 
ance of  this  pump.  We  only  learn  that  great  incoveni- 
enoes  were  experienced  from  the  oscillations  of  the  mercury 
in  the  gage.  As  soon  as  the  piston  comes  into  the  cistern, 
the  air  from  the  receiver  immediately  rushes  into  the  bar- 
relj  and  the  mercury  shoots  up  in  the  gage,  and  gets  into 
a  state  of  oscillation.  The  subsequent  rise  of  the  piston 
mil  frequently  keep  time  with  the  second  oscillation,  and 
increase  it.  The  descent  of  the  piston  produces  a  down- 
ward oscillation,  by  allowing  the  air  below  it  to  collapse ; 
and,  by  improperly  timing  the  strokes,  this  oscillation  be- 
comes so  great  as  to  make  the  mercury  enter  the  pump. 
To  prevent  this,  and  a  greater  irregularity  of  working  as  a 
condenser,  valves  were  put  in  the  piston  :  but  as  these  re- 
quire  force  to  open  them,  the  addition  seemed  rather  to  in- 
crease the  evil,  by  rendering  the  oscillations  more  simul- 
taneous with  the  ordinary  rate  of  working.  If  this  could 
be  got  over,  the  construction  seems  very  promising. 

It  appears,  however,  of  very  difficult  execution.  It  has 
many  long,  slender,  and  crooked  passages,  which  must  be 
drilled  through  broad  plates  of  brass,  some  of  them  ap- 
pearing scarcely  practicable.  It  is  rare  to  find  plates  and 
other  pieces  of  brass  without  air-holes,  which  it  would  be 
very  difficult  to  find  out  and  to  close  ;  and  it  must  be  very 
difficult  to  clear  it  of  obstructions  :  so  that  it  appears  ra- 
ther a  suggestion  of  theory  than  a  thing  warranted  by  its 
actual  performance. 

Mr  Lavoisier,  or  some  of  tlie  naturalists  who  were  oc- 
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copied  in  concert  with  him  in  the  investigation  of  die  dif- 
ierent  qpecies  €£  gas  which  are  disengaged  from  bodies 
.  in  the  course  of  chemical  (operations,  has  contrived  an  air- 
pump  which  has  great  appearance  of  simplicity,  and,  be- 
ing very  different  from  all  others,  deserves  to  be  taken  no- 
tice of 

It  consists  of  two  barrels  ^  m.  Fig.  SI.  with  solid  ps- 

tons&Xr.    The  pump-plate  aiis  pierced  at  its  coUarec 

with  a  hole  which  branches  towards  each  of  the  barrels,  as 

represented  by  cd,  ce.    Between  the  jJate  and  the  bar- 

lels  slides  another  plate  h  •,  pierced  in  the  middle  with  a 

branched  hdeyd^,  and  near  the  ends  with  two  holes  h  h^ 

i  f ,  which  go  from  its  underside  to  the  ends*     The  holes 

in  these  twp  plates  are  so  adjusted,. that  when  the  plate  h  i 

is  drawn  so  far  towards  A  that  the  hole  •  comes  within  the 

barrel  m,  the  branch  d/*of  the  hole  in  the  middle  plate 

coincides  with  the  branch  c  d  of  the  upper  plate,  and  the 

boles  e^gBie  shut.     Thus  a  communication  is  established 

between  the  barrel  I  and  the  receiver  on  the  pumpplate, 

and  between  the  barrel  m  and  the  external  air.     In  this 

situation  the  barrel  I  will  exhaust,  and  m  will  discharge. 

When  the  piston  of  2  is  at  its  mouthy  and  that  of  m  touches 

its  bottom,  the  sliding  plate  is  shifted  over  to  the  other 

side,  so  that  m  communicates  with  the  receiver  through 

the  passage  gd^ec^  and  I  communicates  with  the  air  by  the 

passages  A  A^ 

It  is  evident  that  this  sliding  plate  performs  the  office 
of  four  cocks  in  a  very  beautiful  and  umjde  manner,  and 
that  if  the  pistons  apply  close  to  the  ends  of  the  barrels, 
80  as  to  expel  ihp  whole  air,  the  pump  will  be  perfect.  It 
works^  indeed,  against  the  whole. pressure  of  the  external 
air.  But  this  may  be  avoided  by  putting  valves  (m  the 
boles  A,  i ;  and  these  can  do  no  harm,  because  the  air  re- 
maining in  them  never  gets  back  into  the  barrel  till  the  pis. 
ton  be  at  the  farther  end,  and  the  exhaustion  of  that  stroke 
completed.    But  the  best  workmen  of  London  think  that 
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it  will  b%  ioocmipinbly  iDore  difficult  to  .exMtfe  tUtedL 
(for  it  is  a  cock  of  an  unuBual  fiono)^  in  such  a  miuxr 
that  it  shall  be  air-tight^  aod  yet  move  with  iplnUe  easc^ 
and  that  it  is  much  more  liable  to  wearing  looicdaaeam- 
mon  cocks.  No  accurate  accounts  have  faeoi  nnive&rf  ils 
performance.  It  must  be  acknowledged  to  be  iDgeotQui^ 
aod  it  may  suggest  to  an  intelligoot  artiat  a  method  of  qdb- 
bining  common  conical  cocks  upon  one  axia  so  si  to  la^ 
awer  the  same  purposes  much  more  effectually ;  fior  wUdi 
reason  we  have  inserted  it  here. 

The  last  improvement  which  we  ahaU  meitfiflB  a  ibst 
published  by  Mr  Cuthbertsoo,  philosophical  imlramnit- 
maker  in  Amsterdam.  His  pump  haa  given  ndi  evi- 
dences of  its  perfection^  that  we  can  hardly  expect  or  I'ah 
for  any  thing  more  comfdete.  But  we  must  be  aUovsd 
to  observe,  beforehand,  that  the  same  oooatructicn  was  in- 
vented, and,  in  part,  executed  before  the  end  of  1779^  bj 
Dr  Daniel  Rutherford,  now  professor  of  botany  in  tbe  oui- 
versity  of  Edinburgh,  who  was  at  that  time  engaged  in  ex- 
periments on  the  production  of  air  during  tlie  combuslion 
of  bodies  in  contact  witii  nitre,  and  who  was  vssdjr  desir- 
ous of  procuring  a  more  complete  abstraction  of  pure  aerial 
matter  than  could  be  effected  by  Mr  Smeato&'s  pump. 
The  compiler  of  this  article  had  then  an  opportumty  of 
perusing  the  Doctor^s  dissertation  on  this  subject,  vhick 
was  read  in  the  Philosophical  Society  of  fldinbuigh.  Is 
this  dissertation  the  Doctor  appears  fully  apprised  of  the 
existence  of  pure  vital  air  in  tlie  nitrous  acid  as  its  chief  ifr 
gredient,  and  as  the  cause  of  its  most  renuurkable  pheno- 
mena, and  to  want  but  a  step  to  the  disco^*eries  which  have 
ennobled  the  name  of  Mr  Lavoisier.  He  was  particularlj 
anxious  to  obtain  apart  this  distinguishing  ingredient  in  its 
composition,  and,  for  this  purpose,  to  abstract  completely 
from  the  vessel  in  which  he  subjected  it  to  examinatioo, 
every  particle  of  elastic  matter.  The  writer  of  this  article 
proposed  to  him  to  cover  the  bottom  of  Mr  Smeaton's  pis- 
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r  wnn  tame  dimttkj  nUktter,  which  should  take  hxM  of 
bottom  valve,  and  stari  U  when  the  pston  was  drawn 
A  few  days  after,  the  Doctor  showed  him  a  drawing 
m  pump,  having  a  corneal  metal  valve  in  the  bottom, 
nished  with  a  long  slendei^  wire,  sKdiAg  in  the  inside  of 
piston-^rod  witfaf  a  gentle  firii^ion,  suflBcient  for  lifting 
valve,  and  secured  agunst  all  chance  of  failure  by  a 
ing  a-top,  which  took  hold  of  a  notch  in  the  innde  of 
piston-rod  about  a  quarter  of  an  inch  from  the  lower 
I,  so  a»  certainly  to  lift  the  valve  during  the  last  quar- 
of  an  inch  of  the  piston^s  motion.     Being  an  excellent 
shanic,  he  had  executed  a  valve  on  this  principle,  and 
I  fully  satisfied  with  its  performance.     But  having 
»dy  confirmed  his  doctrines  respec|ting  the  nitrous  acid 
incontrovertible  experimmits,  his  wishes  to  improve  the 
pump  lost  their  indtement,  and  he  thought  no  more  of 
and  not  long  after  this,  the  ardour  of  the  philosoj^ers 
Ae  Teylerian  Society  at  Haerleib  and  Amsterdam  ex- 
id  the  efibrt»  of  Mr  Cuthbertson,  their  iniArument* 
kei^,  to*  the  sante  purpose,  and  produced  the  most  peir- 
t  i^pnmp  that  has  yet  appeared.    We  shall  give  a  de«- 
.ption  of  it,  and  an  account  of  its  performaniDe,  in  the 
entorV  own  words* 

CuihberUon*s  Air-Pump. 

?late  XL  Fig.  is  S(L  a  perspective  view  of  this  pump,' 
h  its  two  principal  gages  screwed  into  th&r  places. 
ese  need  not  be  us^  together,  except  in  cases  where- 
utmost  exactness*  is  required.  Id  common  ex^erinieiit» 
!  of  them  18  remaved,  uid  a  stbp-scriew  put  in  its  place, 
lien  the  pear-gi^  is  used,  a- small'nNind  plate,  aa  which 
receiver  may  stand,  must  be  first  screwed  into  the  hole 
A. ;  but  this  hole  is  stopped  on  other  occasions  with  a 
»w.  When  all  the  three  gages  are  used,  and  the  re- 
rer  is  exhausted,  the  stop-screw  B,  at  the  bottom  of  the 
np^  must  be  unscrewed,  to  adnut  the  air  into  the  le-^ 


L  'Wig*  S9»  rifpvcMiiti  li  OWM  blur-ftf  pravcntinif  the  barrds 
fioiA'boftgdillkttlby  woriti^dw^  pomp^  orbyanjacd- 
dMt  Ita  place  «i  Fig.  St.  iatcpmented  bjrthe  dotted 
iiHef.  It  isiooofined  m  its  plftoe^  and  kdptdoiedowiicm 
iIm  Ikrrriabjitwo  dipt  of  wood' NN,  wfanch  tbtnt  be  drawn 
OHty'flB  wdl'aadieaQTOwaOO^  idien  the  pomp  is  to  br 
IriNB aiuiider.   '■- 

-  JPIit*fX;oaiitfliB«aaaetioii^  all  the  woildf^  parts  of 
die  paaqpy  eooDspt  the  whtd  and  rack,  in  wUch  diere  is  no- 
tUag  4inoooiaKm. 

*.<  Fig.  34.  is  a  seetioo  of  one  of  die  barrels,  with  all  its  in- 
tienMl  parts)  and  Fif.  SS,  36^  ST,  and  S8;  axe  different  parts 
of 'the  pist»n,=  propwdobsd  todiesiseof  die  barrel*  and 
to  one- another; 

' .  In  S%;  84;  CD  represents  the  baitdi  F  the  colIarB  of 
laadiers^O  mibdlow^fittdrical  vcsad  to  contain  oil,  R  is 
also  an  oiL-Tessd  to  receiire  the  cnl  whidi  is  drawn,  akmg 
with  the  air,  through  the  hole  a  a,  when  the  piston  is  drawn 
upwards ;  and,  when  this  is  full,  the  oil  is  carried  over 
with  the  air,  along  the  tube  T,  into  the  oil-yessel  G.  c  c  is 
a  wire  which  is  driven  upwards  from  the  h  jle  aa  by  the 
passage  of  the  air;  and  as  soon  as  this  has  escaped,  it  falls 
down  agidn  by  its  own  weight,  shuts  up  the  hole,  and  pre- 
vents all  return  of  the  air  into  the  barrel.  At  dd  are  fix. 
ed  two  pieces  of  brass,  ,to  keep  the  wire  cc  in  a  vertical 
direction,  that  it  may  accurately  shut  the  hole.  H  is  a 
cylindncal  wire  or  rod  which  carries  the  {nston  I,  and  is 
made  hoUow  to  receive  a  long  wire  g^,  which  opens  and 
abuts  the  hole  L ;  and  on  the  other  end  of  the  wire  O  is 


*  The  piston  end  barrel  are  1>65  inches  in  diameter,  in  proportion 
to  which'tbe  tole  ii  drawn.    Figures  85,  36,  37, 38,  are,  however,  of ; 
dimblettxe."  '    '        ■•■  ■  ' 


Bonewed  a  nut,  whidi,  by  stopping  in  the  nunowest  part  of 
the  b<de,  prevents  the  wire  fiDm  being  driven  up  too  far. 
This  wire  and  screw  are  more  clearly  seen  in  Fig.  35.  and 
86 ;  they  slide  in  a  collar  of  leather  rr,  Fig.  86.  and  38.  in 
the  middle  piece  of  the  piston.    Fig.  37.  and  38.  are  the 
two  mean  parts  which  compose  the  piston,  and,  when  the 
pieces  36.  and  39«  are  added  to  it,  the  whole  is  represented 
by  Fig.  35.    Fig.  88.  is  a  piece  of  brass  of  aconical  form, 
with  a  shoulder  at  the  bottom.    A  long  hollow  screw  is 
cut  in  it^  about  |  of  its  length,  and  the  remainder  of  the 
hole,  in  which  there  is  no  screw,  is  of  about  the  same  dia^ 
meter  with  the  screwed  part,  except  a  thin  plate  at  the 
end,  which  is  of  a  width  exactly  equal  to  the  thickness  of 
gg.     That  part  of  the  inside  of  the  conical  brass  in  which 
no  thread  is  cut,  is  fOled  with  oiled  leathers  with  holes, 
through  which  gg  can  slide  stiffly.     There  is  also  a  male 
screw  With  a  hole  in  it,  fitted  to  gg^  serving  to  compress 
the  leathers  rr.    In  Fig.  37.  aaaa  is  the  outside  of  the 
piston,  the  inside  of  which  is  turned  so  as  exactly  to  fit  the 
outude  of  Fig.  38.  b  b  are  round  leathers  about  60  in  num- 
ber, c  c  is  a  circular  [nece  of  brass  of  the  nze  of  the  leathers, 
and  J  d  is  a  screw  serving  to  compress  them.     The  screw 
at  the  end  of  Fig.  36.  is  made  to  fit  the  screw  in  Fig.  88. 
Now  if  Fig.  39.  be  pushed  into  Fig.  38.  this  into  Fig.  37.  and 
Fig.  36.  be  screwed  into  the  end  of  Fig.  38,  these  will  com- 
pose the  whole  of  the  jHston,  as  represented  in  Fig.  35.  H 
in  Fig.  34.  represmits  the  same  part  as  H  in  Fig.  35.  and  is 
that  to  which  the  rack  is  fixed.     If,  therefore,  this  be 
drawn  upwards,  it  will  cause  Fig.  88.  to.  shut  dose' into  Fig. 
87)  and  drive  out  the  air  above  it ;  and  when  it  is  pushed 
downward,  it  will  open  as  far  as  the  shoulder  a  a  will  per- 
mit, and  suffer  air  to  pass  through.  AA  Fig.  40.  is  the  re- 
ceiver plate,  BB  is  a  long  square  piece  of  brass,  screwed 
into  the  under  side  of  the  plate,  through  which  a  hole  is 
drilled  corresponding  to  that  in  the  centre  of  the  receflver- 
plates  and  with  three  female  screws^  6,  i,  c. 
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The  nttrfaction  of  tfaeur  in  the  reerivttiieftrtda 
fcdlows : — Suppose  the  piston  at  the  bottom  oT  the  bmd. 
The  innde  of  the  burel,  from  the  tdp  of  the  prtoD  to  d, 
contains  common  air.  When  the  rod  is  dbm  up,  die 
upper  part  of  the  piston  sticks  fast  in  the  band  tiU  tbeoo- 
nical  part  connected  ^th  the  rod  shuts  the  ooncal  bok^ 
and  its  shoulder  applies  close  to  its  bottom.  The  piAn 
is  now  shut,  and  therefore  the  whole  is  drawn  up  bj  tk 
rack-work,  driving  the  air  before  it  through  theholeafli 
into  the  oil-vessel  at  R,  and  out  into  the  room  hj  die  tube 
T.  The  piston  will  then  be  at  die  top  of  the  binri  it  a, 
and  the  wire  ^^  will  stand  nearly  as  represented  in  Ae 
figure  just  raised  from  the  hole  L*,  and  prevenlled  from 
rising  high  bj  the  nut  O.  During  this  motioti  the orinll 
expand  in  the  receiver,  and  come  along  the  bent  tube  a 
into  the  barrel.  Thus  the  barrel  will  be  filled  iritb  or, 
which)  as  the  piston  rises,  will  be  rarefied  in  prapoilioo  si 
the  capacity  of  the  receiver,  pipes,  and  barrel,  is  to  the  htr- 
rel  alone.  When  the  piston  is  moved  down  again  by  the 
rack-work,'it  will  force  the  conical  part.  Fig.  38.  out  of  the 
hollow  part.  Fig.  37.  as  far  as  the  shoulders  a  a;  Fig-  35, 
will  rest  on  a  a.  Fig.  87.  which  will  then  be  so  far  open  as 
to  permit  the  air  to  pass  freely  through  it,  while  at  tbe 
same  time  the  end  oi  gg  is  forced  against  the  top  of  tbe 
hole,  and  shuts  it  in  order  to  prevent  an j  air  from  l^ 
turning  into  the  receiver.  Thus  the  piston,  moving  dovv- 
wards,  sufiers  the  air  to  pass  out  between  the  rides  of  Fig. 
S7.  and  38..;  and',  when  it  is  at  the  bottom  of  the  band,  iriD 
have  the  column  of  air  above  it ;  and  consequently,  viien 
drawn  upwards  it  will  shut,  and  drive  out  this  air,  and, 
by  opening  the  hole  L  at  the  same  time,  will  give  a  free 
passage  to  more  air  from  the  recover.  This  process  be- 
ing continued,  the  air  of  the  receiver  vrill  be  rarefied  ta 
Jkr  as  iU  expansive  power  will  permit.  For  in  this  di- 
Hh^ddiine  there  are  no  valves  to  be  (oitced  open  by  the  elasticity 
^the  ur  in  the  receiver,  which  at  last  it  is  unable  to  effect 


msuwATicf.  609 

There  is  theiefiDve  nothing  to  prevent  the  ur  from  expand- 
ing to  its  utmost  degree. 

It  may  be  suspected  here,  that  as  the  air  must  escape 
through  the  discharging  passage  ar,  Pkte  XI.  Fig.  S4. 
against  the  pressure  of  a  column  of  oil  and  the  weight 
of  the  wire,  there  will  remain  in  this  passage  a  quantity  of 
air  of  considerable  dennty,  which  will  expand  agun  into 
the  barrel  during  the  descent  of  the  piston,  and  thus  put 
a  stop  to  the  progress  of  rarefaction.     This  is  the  case  in 
Mr  Smeaton^s  pump,  and  all  which  have  valves  in  the 
piston.     But  it  is  the  peculiar  excellency  of  this  pump, 
that  whatever  be  the  density  of  the  air   remaining  in 
aCj  the  rarefaction  will  still  go  on.     It  is  worth  wbiJc 
to  be  perfectly  convinced  of  thia    Let  us  suppose  that 
the  air   contained  in  a£  is  ^*^  part  of  the  common 
air  which  would  fill  the  barrel,   and  that  the  capacity 
of  the  baizel  is  equal  to  that  of  the  receiver  and  passages, 
and  that  the  ur  in  the  receiver  and  barrel  is  of  the  same 
density,  the  piston  being  at  the  bottom  of  the  barrel    The 
barrel  will  therefore  contain  y^g,  parts  of  its  natural  quan- 
tity,  and  the  receiver  viSo-     ^>ow  let  the  piston  be  drawn 
up.    No  air  will  be  discharged  at  a  r,  because  it  will  con- 
tain tlie  whole  air  which  was  in  the  barrel,  and  which  has 
now  collapsed  into  its  ordinary  bulL    But  this  does  not  in 
the  least  hinder  the  air  of  the  receiver  from  expanding  into 
the  barrel,  and  diffusing  itself  equally  between  both.  Each 
will  now  contain  j^)f^  of  their  ordinary  quantity  when  the 
piston  is  at  the  top,  and  a c  will  contain  y^g  as  before,  or 
ii8o-    ^ow  push  down  the  piston.     The  hole  L  is  in- 
stantly shut,  and  the  air  in  a  c  expands  into  the  barrel, 
and  the  barrel  now  contuns  1 J  §0.     When  the  piston  has 
reached  the  bottom,  let  it  be  again  drawn  up.     There  will 
be  j^^^  discharged  through  c,  and  the  air  in  the  receiver 
will  again  be  equally  distributed  between  it  and  the  barrel. 

Therefore  the  reoriver  wiH  now  contain  j^.    When  the 
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jirtcSi  reifies  fhe  bottom,  tliete  wflftlie  ^^'  m'tlie  barrel. 
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mk  ^  ii«mn  up  to  ibe  top,  tb^Wi  be  ^ 

'^^ptjhaittedyaiidiheieoeiver  and  when 

die  jpbtoa  leadhee  the  bottoni,  diere  irill  be  s;^-  At  the 
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,Wrt8troMthe«H««rirfflccmtem 

*L  Tbne  it  appetas  that  notiiithitBiidiiig  the  y|t,  whidi 
:iJlinrpi  wrpetHh  heck  agam  out  of  the  hole  «e  into  the 
'band,  the  rarity  of  the  air  m  the  vteofw  win  be  doubled 
rat  every  atooke.  There  ia  therafim  no  need  of  a  aubn- 
odilBy  Mr-^pamp  at  c,  as  in  the  Ametioan'dNpiiinp,  and  in 
■la  Bweoian  asKnpc  to  mproive  cuMMHomi 
'*  flnufl^g this air-pimipiioparticakrdiiMioBa are ne^ 
any,  nor  is  any  peoiliar  eare  uaiieaMuy  fir  fceeping  it  in 
-ardor,  eacept  tiiat  the  oiUircsBcl  A  be  iahwiyB  kept  about 
half  fiill  of  oil.  Whoi  the  pump  has  stood  long  without 
being  used,  it  will  be  proper  to  draw  a  table-spoonful  of 
oKve-dl  through  it,  by  pouring  it  into  the  hole  in  the 
middle  of  the  receiver-plate  when  the  {nston  is  at  the  bot- 
'  torn  of  the  barrel.  Then  by  working  the  piston,  the  oil 
will  be  drawn  through  all  the  parts  of  the  pump,  and  the 
surplus  will  be  driven  through  the  tube  T  into  the  oil- 
vessel  G:  Near  the  top  of  the  pstmi-rod  at  H  there  is  a 
hole  which  lets  some  oil  into  the  indde  of  the  rod,  which 
gets  at  the  collar  of  leathers  r  r,  and  keeps  the  wire  gg 
air-tight 

When  the  pump  is  used  for  condensation,  at  the  same 
time  that  it  rarefies,  or  separately,  the  [nece  containing  the 
bent  tube  T  must  be  removed,  and  Fig.  41.  put  into  its 
place,  and  fixed  by  its  screws.  Fig.  41.  as  drawn  in  the 
plate,  is  intended  for  a  double-barrelled  pump.  But  for  a 
ringle  barrel  only  one  piece  is  used,  represented  by  &  a  a, 
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the  double  piece  being  cut  o£P  at  the  dotted  line  ii  a.  In 
this  piece  is  a  female  screw  to  receive  the  end  of  a  long 
brass  tube^  to  which  a  bladder  (if  sufficient  for  the  expep- 
ment  of  condensation),  or  a  glass,  properly  secured  for 
this  purpose,  must  be  screwed.  Then  the  air  which  is  ab- 
stracted from  the  receiver  on  the  pump-plate  will  be  forced 
into  the  bladder  or  glass.  But  if  the  pump  be  double,  the 
apparatus  Fig.  41.  is  used,  and  the  long  brass  tube  screwed 
on  at  c. 

Fig.  42.  and  43.  represent  the  two  gages,  which  will  be 
sufficiently  explained  afterwards.  Fig.  42.  is  screwed  into 
c  by  or  into  the  screw  at  the  other  end  of  c  Fig.  40.  and  Fig. 
43.  into  the  screw  a  b  Fig.  40. 

If  it  be  used  as  a  single  pump,  either  to  rarefy  or  con- 
dense, the  screw  E,  'which  fastens  the  rack  to  the  [Hston- 
rod  H,  must  be  taken  out.  Then  turning  the  winch  tiU 
H  is  depressed  as  low  as  possible,  the  machine  will  be 
fitted  to  exhaust  as  a  single  pump ;  and  if  it  be  required 
to  condense,  the  direction  formerly  given  must  be  observed 
with  regard  to  the  tube  T  and  Fig.  42. 

<<  I  took  (says  Mr  Cuthbertson)  two  barometer-tubes  of 
an  equal  bore  with  that  fixed  to  the  pump.  These  were 
filled  with  mercury  four  times  boiled.  They  w^re  then 
compared,  and  stood  exactly  at  the  same  •  height  The 
mercury  in  one  of  them  was  bcnled  in  it  four  times  more, 
without  making  any  change  in  their -height;  they  were 
therefore  judged  very  perfect  One  of  these  was  immersed 
in  the  cistern  of  the  pump-gage,  and  fastened  in  a  position 
parallel  to  it,  and  a  sliding  scale  of  one  inch  was  attached 
to  it.  This  scale,  when  the  gage  is  used,  must  have  its 
upper  edge  set  equal  with  the  surface  of  the  mercury  in 
the  boiled  tube  after  exhaustion,  and  the;  difference  be- 
tween the  height  of  the  mercury  in  .thb  and  in  the  other 
barometer-tube  may  be  observed  iff  the^lj^  of  an  inch; 
and  being  close  together,  no  error  arises  irom  their  dot  be- 
ing exactly  vertical,  if  they  are  onl}h{xuaUeL  This  gage 
will  be  better  understood  by  inspecting  Eig.  43.   . 
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*<  I  used  a  second  gagc^  whidi  T  AM  IbSB  adDoHe  ij- 
{Aon.-— See  plate  XI.  Fig.  40.  TlAi  IrA  diD  prqar- 
ed  with  the  utmost  care.  I  bad  a  nde  ftr  fctiiiHiim 
the  difference  between  the  height  of  the  odiiiiini  in  ik 
two  legs.  It  was  an  inch  long,  and  diTided  ii  Ae  fer- 
mer,  and  kept  in  a  truly  vertical  pontion  bj  sunteHdmg 
it  from  a  point  with  a  wdght  hung  to  it,  as  icjiiuuiUJiB 
Ae  figure.  Upon  comparing  these  two  gageA^  I  ihnjs 
found  them  to  indicate  the  same  degree  of  rarefiKdoB.  I 
also  used  a  pear-gage,  though  the  most  nnjieffiBet  of ii(  in 
order  to  repeat  the  curious  experiments  of  Mr  Kbtaid 
others."* 

When  experiments  reqiure  the  Utmost  irairiyiiig  piv 
of  the  pump,  the  receiver  must  not  be  placed  (Ai  MI^i 
either  oiled  or  soaked  m  water,  as  is  usudly  ddob   Tk 
pump-plate  and  the  edge  of  the  receiver  must  be  Iniod 
veij  flat  and  true,  and  this  with  very  fitie  Cfmeijr,  thst  to 
roughness  may  remain.     The  plate  of  the  pump  must  fbn 
be  wiped  very  dean  and  very  dry,  and  the  receiver  nAbed 
with  a  warm  cloth  till  it  become  electrical.     The  recdrer 
bring  now  set  on  the  plate,  hogVlard,  rither  alone  or  mix- 
ed with  a  little  c»l,  which  has  been  cleared  of  wstff  by 
boiling,  must  be  smeared  round  its  outride  edge.    In  this 
condition  the  pump  will  rarefy  its  utmost,  and  idiat  sdD 
remains  in  the  receiver  will  be  permanent  air.     Or  a  Ktde 
of  this  composition  may  be  thinly  smeared  on  the  pump- 
plate  ;  this  will  prevent  all  risk  of  scratching  it  with  Ae 
edge  of  the  recriver.    Leather  of  very  uniform  thickneai 
long  dried  before  a  fire,  and  well  soaked  in  this  oompos- 
tion,  which  must  be  cleared  of  all  water  by  the  first  boil- 
ing, will  answer  very  well,  and  is  expeditious,  when  r^ 
crivers  are  to  be  frequently  shifted.    Other  leadiers  AoM 
be  at  hand  soaked  in  a  comporitioh  containing  a  little  tohd* 
Thb  gives  it  a  clamminess  whidi  renders  it  impermeable  to 
mr,  and  is  very  proper  at  all  joints  of  the  ptomp^  and  all 
qiparatus  for  pneumaUc  experim^ts.    As  it  is  htfpowiHe 
to  render  the  p^r-pige  «&  ^tn  ts»  tiS^s-t  ^^a*v%  ^rf  the  apps- 
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ratu^^  t|ipre  ^riil  \ff  generally  soipe  Y^iation  b^weeif  this 
aiid  the  other  gRgei^r 

Wl^n  It  is  only  ii)t£iided  to  show  the  utmost  power  of 
the  pump,  without  intending  to  ascertain  the  quaUty  of 
tb^  ve8i4i>pm|  th§  recover  may  b(»  set  an  wet  leather.  If, 
in  this  condition,  the  ur  be  rarefied  aq  far  as  possible,  the 
syphon  aq4  liVfronipt^-gage  will  indicate  a  less  depee  of 
^rarefaction  thiui  ip  tb^  former  experinfent^i  But  whoi  the 
^|r  i^  j^(  i^  ugaiq^  the  pefll'^^gage  will  point  out  a  rarefiictioo 
yffiye  tiljoi)(wpds  pf  tifflcs  greater  than  it  di4  before.  Iftlfe 
UW  quality  fxf  perpianent  ^  after  exhaustion  be  requLDed^ 
tjbus  pe^rgagp  will  he  nearest  the  truth :  for  when  the  air  is 
iff^^ipd  tp  {f  certain  degpee,  the  fnoistened  leather  lemits  an 
expmable  flyid,  wbicb^  fiUmg  the  receiver,  forces  out  tl)e 
pyinaaaoenl  aiir ;  and  the  two  first  gages  indicate  a  degree 
<P)f  ffhwstfon  ifhic|b  relates  tp  the  whole  elastic  matter  re- 
QWWing  ^  the  receiver^  vi^.  to  the  expannble  fluid  toge* 
ther  with  the  permanept  ur ;  whereas  the  pear-gage  pcnnts 
<n4  the  degree  of  exhaustion,  with  relation  to  the  perma- 
qyent  air  alone,  which  remuns  in  the  receiver ;  for  by  the 
pressureof  the  ur  admitted  into  the  recover,  the  elastic 
vapour  is  reduced  to  its  former  bulk^  which  is  impercep- 
tible. 

^fany  bodies  emit  thi^  elastic  fluid  when  the  pressure  of 
the  9ir  is  much  diminished ;  a  jnece  of  leather^  in  its  ordi- 
i^ary  damp  state,  about  an  inch  square,  or  a  bit  of  (jpreen  or 
4fy  wood,  will  supply  this  for  a  great  while. 

When  such  fluids  have  been  generated  in  any  experi- 
mentSy  the  pump  must  be  caiefuUy  cleared  of  them,  for 
they  remain  not  only  in  the  receiver,  but  in  the  barrels 
and  passages,  and  will  again  expand  when  the  exhaustion 
has  been  carried  far. 

The  best  method  of  clearing  the  pump  is  to  take  a  very 
large  receiver,  and  yse  every  precaution  to  exhaust  it 
as  far  as  possible.  Then  tlie  expanaUe  matter  lurking  in 
the  Vonpek  and  passes  will  be  diffused  through  the  reodver 


tf&l  'tfinhbedi^iied  dg  iUai^ifiA  !t»  tif-.  Tt  will  be 
ftt'  mipcli  Tmr  thsn  it  was  befix^  as  tli0  '^^i^ffitffibB  cqpa- 
cBjittnB  vBoovcr  nuras  ana  piiMI'ia  Ittgtf  ttift  tibat  of 

*  Tw^MoniuBioe  of  tna  puinp*  tthy  be  joofpA  of  ficom 
fOvrouT  itituiwliig  cuLpinuieBiB  :«i» 
^'^Hk  Mro  gi^  lirihig'acMwied  ioto  dior  plMBi^  ittid  Ae 
■Hfe1nlK^teeeitia%ii]ate  the  pnnpifasmadetD 

'  ^Iff  lyphctt  ihM  oidy  '^  'of  tti  iiidi  oat  of  Ab  'levels  and 
dy^tt^tteli^  ^  of  antindilii^iertinii 

81  fife dbe BtMwcd  to  vtto  piiin|k'' ' Aftandanl  liaiuttietjer 
dUnt-itttbd  tit  90  indiea,  and  ihetcfim  the  ;|iiiiiqti  Mvied 
tte^bMiUMUAt  AT  IfOO  timea.  TUb  'm  tidhWiinrii  as 
Ki^^lAuMie  Ibond  lb  Smei^^  Mr 

CAitti  wemi  dfatxAed  toghrtoafimidxaJde(i^ 
ifljpjpoieitajiirt  aoooutit  of  Haaa  and  HliiririE^  piiiitp» 
itMRt'ap^wlrilem  to  fasfe  iexcMM  600  AML'''lfi<  Cuth- 
MihfldBi  btt  often  found  tbft  metcorj '  iritfim  tl^  9A  indi 
of  the  lerrel  in  the  syphon-gage,  indicating  a  Tarefiiction  of 
9000. 

'  To  one  end  of  a  glass  tube,  2  inches  cUameter  and  SO 
inches  long,  was  fitted  a  brass  cap  and  collar  of  leather, 
Awugh  which  a  wi«  was  inserted,  reaching  about  two 
iliches  within  the  tube.  This  was  connected  with  the  con- 
ductor  of  an  electric  machine.  The  other  end  was  ground 
flat  and  set  on  the  pump-plate.  When  the  gages  indicated 
a  rarefaction  of  300,  the  light  became  steady  and  uniform, 
of  a  pale  colour,  though  a  Uttle  tinged  with  purple ;  at  600 
the  light  was  of  a  pale  dusky  white ;  when  1200  it  disap- 
peared in  the  middle  of  the  tube,  and  the  tube  conducted 
so  well  that  the  prime  conductor  only  gave  sparks  so  faint 
and  short  as  to  be  scarcely  perceptible.  After  taking  off 
the  tube,  and  making  it  as  dry  as  possible,  it  was  again 
connected  with  the  conductor,  which  was^ving  sparks  two 
inches  long.    When  the  air  in  it  was  rarefied  ten  times,  the 
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sparks  were  of  the  same  length.  Sometimea  a  petxal  of 
light  darted  along  the  tube.  When  the  rarefiiction  was 
iM),  the  spark  did  not  exceed  an  inch,  and  light  streamed 
the  whole  length  of  the  tube.  When  the  rarefaction  was  80, 
the  sparks  were  half  an  inch,  and  the  lij^  rushed  along  the 
tube  in  great  streams.  When  the  rarefiiction  was  100, 
the  sparks  were  about  |  of  an  inch  long,  and  the  light  filled 
the  tube  in  an  uninterrupted  body.  When  300,  the  ap- 
pearances were  as  before.  When  600,  the  sparks  were  x^i» 
and  the  light  was  of  a  fiunt  white  colour  in  the  middle,  but 
tinged  with  purple  towards  the  ends.  When  1200,  the 
light  was  hardly  perceptible  in  the  middle,  and  was  much 
funter  at  the  ends  than  before^  but  still  ruddy.  When 
1400,  which  was  the  most  the  pump  could  produce,  cdx 
inches  of  the  middle  of  the  tube  were  qi|ite  dark,  and  the 
ends  finee  of  any  tinge  of  red,  and  the  qparks  did  not  ex« 
oeed  ^  of  an  inch. 

Although  this  noble  instrument  originated  in  Grermany, 
all  its  improvements  were  made  in  this  kingdom.  Both 
the  mechanical  and  pneumatical  prindples  of  Mr  Boyle^s 
construction  were  extremely  different  firom  the  German, 
and,  in  respect  of  expedition  and  conveniency,  much  supe* 
rior.  The  double- barrel  and  gage  by  Hawkesbee  were 
capital  improvements,  and  on  principle;  and  Mr  Smeaton^s 
method  of  making  the  fuston  work  in  rarefied  air  made  a 
complete  change  in  the  whole  process. 

Aided  by  this  machine,  we  can  make  experiments  esta- 
blishmg  and  illustrating  the  gravity  and  elasticity  of  the 
sir  in  amuch  more  penpicuous  manner  than  could  be  done 
by  the  spontaneous  phenomena  of  nature. 

It  allows  us  in  the  first  place  to  show  the  materiality  of 
air  in  a  very  distinct  manner.  Bodies  cannot  move  about 
in  the  atmosjAere  without  displacing  iC  This  requires 
force  ;*and  the  reostance  of  the  air  always  diminishes  the 
velodty  of  bodies  moving  in  it  A  heavy  body  therefore 
has  the  velocity  of  its  fall  diminished  ;  and  if  the  quantity 
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iwwiilinlifci  Thm is ibeteBmm^^jiiAl^ho&lti^mMik am 
BmAen^  Uk  Tdrjr  akmly.  TUr  aomig  fytm  is  very 
naU^ ,  and.  «to  ihoMfim  iiiB{dMB  «  grtaf  tywrntily  of  ak 
QBipmilk  ^mtf  imall  vdodifty.  But  if  ihfe  mmm  hoif  be 
dMf|iadlm«Mno^  vim  tbmif  ]iodetobe<&i|ilMed,  it 
MlB$tAk  the.-iriidb  1rdolity^ellnQ|lil«lt  to  itt^  ^nmlgr. 
I%..4i..fAiile/XIf.  repKKtUB  9A  if^mryp  by iriikii 
^JnaMAMd^adoMRur  fiHUbsr  are  ^rffin*^  ^  thn  iiinifr  ib 
!!■■%»  byiolNakig  ihefiMflpt  wbkh  boIdith«i*|iy  means 
eftlwi|il^M»antb»tBp«f;tliftj^^  If  tWl^bet  dune 
rffcis  4hB  lirdBslMft  .panpid  eiit^  lh»  guMSiiid  Ihei^ 
dHriwiiLte^ibasrfcdto.r«nbthe:botto«i  al^kewuii^ 

■ 

stont^ .... 

flgw^^A  f^nmnts.  ModMT.  appsniiii  Ibr  slMiWRg  tbot 
swni>ihin|i  .itftonrisls  of  tvoseteof bns«vinqspiitiA 
separate  axles,  in  the  maimer  of  windmill  siib^ .  One  set 
haallNn^dgeaplBatd'in  the  diiedim  fof  Ash;  whirling 
rtaAot  dutt  i%in  aiplaae  to  wbicb  ihe  axis Ja  porpcndku* 
lar.  The  pknes  of  the  other  set  pass  through  the  axis, 
and  they  are  therefore  trimmed  so  as  directly  to  front  the 
air  through  which  they  moye.  Two  springs  act  upon  pins 
projecting  iiom  the  axis;  and  thor  strength  or  tensions 
are  so  adjusted,  that  when  they  are  disengaged  m  vacuOf 
the  two  sets  continue  in  motion  equally  long.  If  they  are 
disengaged  in  the  ur,  the  vanes  which  beat  the  air  with 
their  planes  will  stop  long  before  those  which  cut  it  edge- 
wise. ' 

We  can  now  abstract  the  air  almost  completely  from  a 
dry  vessel,  so  as  to  know  the  fMrecise  w^ht  of  the  ur 
whidi  filled  it  The  first  experiment  we  have  of  this  kind, 
done  with  accuracy,  is  that  of  Dr  Hooke,  Feb.  10, 1664, 
when  he  found  114  pints  of  air  to  weigh  945  grains.  One 
pint  of  water  was  8^^  ounces.  This  gives  for  the  specific 
gravity  of  air  iJo  very  nearly. 

4 
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Since  we  mre  thus  immersed  in  agravilating  fluid,  it  foL 
lowsf  that  every  body  preponderates  only  with  the  exoese 
of  its  own  weight  above  that  of  the  air  which  it  diqilaoes  ; 
fiir  every  body  loses  by  this  immersion  the  weight  of  the 
displaced  air.  A  cubic  foot  loses  ^  about  £21graina  in 
firosty  weather*  We  see  balloons  even  rise  in  the  air^  as  a 
jMece  of  cork  rises  in  water.  A  mass  of  water  which  really 
contains  850  pounds  will  load  the  scale  of  a  balance  with 
849  only,  and  will  be  balancfd  by  about  849|  pounds  of 
brass.  This  is  evinced  by  a  vary  pretty  experiment,  re- 
presented in  Fig.  46.  A  small  beam  is  suspended  within 
a  receiver.  To  one  end  of  the  beam  is  appended  a  thin 
glass  or  copper  boll,  close  in  every  part.  This  is  halancpd 
by  a  small  pece  of  lead  hung  on  the  other  arm.  As  the 
air  is  pumped  out  oi  the  receiver,  the  ball  will  gradually 
preponderate,  and  -will  regmn  its  equilibrium  when  the  air 
is  re-admitted. 

There  is  a  case  in  which  this  observation  is  of  ocmse- 
quence  to  the  philosofdier :  we  mean  the  measuring  of 
time  by  pendulums.  As  the  accelerating  force  on  a  pen- 
dulum is  not  its  whole  weight,  but  the  excess  of  its  weight 
over  that  of  the  displaced  mr,  it  follows  that  a  pendulum 
will  i^brate  more  slowly  in  the  air  than  in  vacuo,  A  pen^ 
dulum  composed  of  lead,  iron,  and  brass,  may  be  about 
8400  times  heavier  than  the  air  which  it  dbplaccs  when 
the  barometer  is  at  30  incl&s  and  the  thermometer  at  SS^, 
and  the  accelerating  force  will  be  diminished  about  ivIqq. 
This  will  cause  a  second  pendulum  to  make  about  five 
vibrations  less  in  a  day  than  it  would  do  in  vacuo.  In 
order  therefore  to  deduce  the  accelerative  power  of  gra- 
vity from  the  length  of  a  pendulum  vibrating  in  the  air, 
we  mu&iit  make  an  allowance  of  0"  ,17,  or  ^y^  of  a  second, 
per  day,  for  every  inch  that  die  barometer  stands  lower 
than  30  inches.  But  we  must  also  note  the  temperature  of 
the  air ;  because,  when  the  air  is  warm,  it  is  less  dense 
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when  supporting  by  its  dasticity  the  oddc  wogfatofo. 
mosphere,  and  we  must  know  how  mudi  its  density  is  £. 
minished  by  an  increase  of  temperature.  Tlie  oofrecticiD 
is  still  more  complicated ;  for  the  change  of  deaaty  ifEects 
the  reastance  of  the  air,  and  this  afiecta  the  time  d.  the 
▼ibration,  and  this  by  a  law  that  is  not  jret  wdl  afj^tiiiw^ 
As  (ar  as  we  can  determine  fixmi  any  experiments  dai 
have  been  made,  ^t  appears  that  the  change  ariang  firaa 
the  altered  reastance  takes  off  about  }  of  the  disoge  jid- 
duced  by  the  altered  dennty,  and  that  a  second  peadulam 
makes  but  three  vibrations  a^y  more  in  oooio  dun  in 
the  open  air.  This  isa  very  unexpected  result ;  but  it  mast 
be  owned  that  the  experiments  have  nether  beat  lomer- 
ous  nor  very  nicely  made. 

The  air-pump  also  allows  us  to  show  the  efficlsoftk 
mi^s  pressure  in  a  great  number  of  amusing  and  instnidnv 
phenomena. 

When  the  air  is  abstracted  from  the  leceiver^  it  is 
strongly  pressed  to  the  pump-plate  by  the  incumbent  atp 
mosphcre,  and  it  supports  this  great  pressure  in  coDse- 
quence  of  its  circular  form.  Being  equally  compressied  on 
tdl  sides,  there  is  no  place  where  it  should  give  way  rather 
than  another ;  but  if  it  be  thin,  and  not  very  round,  wbicli 
is  sometimes  the  case,  it  will  be  crushed  to  pieces.  If  ^ 
take  a  square  thin  phial,  and  apply  an  exhausting  synoge 
to  its  mouth,  it  will  not  fail  being  crushed. 

As  the  operation  of  pumping  is  something  like  sucking, 
many  of  these  phenomena  are  in  common  discourse  ascrib- 
ed to  suction,  a  word  much  abused  ;  and  this  abuse  ons- 
leads  the  mind  exceedingly  in  its  contemplation  of  natural 
phenomena.  Nothing  is  more  usual  than  to  speak  of  the 
suction  of  a  syringe,  the  suction  and  draught  of  a  chimneT) 
&c.  The  following  experiment  puts  the  true  cause  of  tb^ 
strong  adhesion  of  the  receiver  beyond  a  doubt : 

Place  a  small  receiver  or  cupping-glass  cm  the  pump 
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plate,  without  oorering  the  central  hole,  as  represented  in 
Fig.  47,  and  cover  it  with  a  larger  recdiver.  Exhaust  the 
air  from  it ;  then  admit  it  as  suddenly  as  posrable.  The 
outer  receiver,  which  after  the  rarefaction  adhered  strong- 
Ij  to  the  plate,  is  now  loose,  and  the  cupping-glass  will  be 
found  sticking  last  to  it  Wlule  the  rarefisu^tion  was  going 
on,  the  air  in  the  small  Receiver  also  expanded,  escaped  from 
it,  and  was  abstracted  by  the  pump.  When  the  external 
air  was  suddenly  admitted,  it  pressed  on  the  small  reoriver, 
and  forced  it  down  to  the  plate,  and  thus  shut  up  all  entry. 
The  small  recdver  must  now  adhere ;  and  there  can  be  no 
suction,  for  the  pipe  of  the  pump  was  on  the  outside  of  the 
cupping-glass. 

This  experiment  sometimes  does  not  succeed,  because 
the  air  finds  a  passage  under  the  brim  of  the  cupping- 
glass.  But  if  the  cupping-glass  be  pressed  down  by  tfie 
hand  on  the  greasy  leather  or  plate,  every  thing  will  be 
made  smooth,  and  the  glass  will  be  so  httle  nused  by  the 
expansion  of  its  air  during  the  punf{)ing,  that  it  will  instant- 
ly dap  close  when  the  air  is  re-admitted. 

In  like  manner,  if  a  thin  square  phial  be  furnished  ^th 
a  valve,  opening  from  within,  but  shutting  when  pressed 
from  without,  and  if  this  phial  be  put  under  a  receiver,  and 
the  idr  be  abstracted  from  the  receiver,  the  air  in  the  phial 
will  expand  during  the  rarefaction,  will  escape  through  the 
valve,  and  be  at  last  in  a  very  rarefied  state  within  the 
phial.  If  the  air  be  now  admitted  into  the  receiver,  it  will 
press  on  the  flat  sides  of  the  included  phial,  and  crush  it  to 
pieces.     See  Fig.  48. 

If  a  fuece  of  wet  ox-bladder  be  laid  over  the  top  of  a  re- 
ceiver whose  orifice  is  about  four  inches  wide,  and  the  air 
be  exhausted  from  within  it,  the  incvunbent  atmosphere  will 
press  down  the  bladder  into  a  hollow  form,  and  then  burst 
it  inward  with  a  prodigious  noise.  See  Fig.  49-  Or  if  a 
piece  of  thin  flat  glass  be  laid  over  the  receiver,  with  an 
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^llBUt  with  gr«al  forco. 

If  there  be  formed  two  heoiUpberical  cupaofbna,«iib  " 
m^  flat  thick  brims,  and  one  of  ihcm  b«  fitted  ^ilh  a  twk 
md  stop-cock,  as  represented  by  Pig.  50.  the  air  maj  he 
•bifcracted  from  them  by  screwing  tlic  neck  into  the  hole  it 
the puiiipplftte.     To  prevent  th«  insinuation  offliT.itiBg 

<rf-«liijlk>awrjMy.i»y»l  .iMftNsi.  ^nM  >#»» 

lowHt  ItviUnquiteftoipitdcnhle  ipvvMiRMlh 
tbegntt  ciicU  pf  tliA  iphitPr.,  2ttiH».!»r«wi«Mb 

huiated,  tbe  beaofpker^  couh}  not  I19  dmw^  mwIk  b7' 
SO  hones.  It  ww  extlibitei!,  «laqg  .wit^  anf  4*^ 
0^|U«Uy  eiuicw  and  tpngtiificeat,  tp  t)ie  "EtttpmotdQ/^ 
mmtj  and  tw  cowt*  itf  tb9  biMking  up  pf  tbt  &t<f»- 
tilbooiDieM. 

If  Uw  loaded  tymig;  menlwped  IB  No  16L  Ir  flipaW 
by  U*iMtoQ  fhim  tU  trapkiadi^  top  phte  i4'tb»nxNnb 
u  in  Fig;  £1,  and  tbe  wr  be  abstracted  I7  tb^  V^Pt  '^ 
■fringe  will  gcadHall/ descend  (becauae  the  daHJODr^TdP 
air,  wlu(^  fi«nwilf  Maoced  tba  fwpaiup  «f  ^  A» 
apber^  ia  dow  diminirfifd  by  ito  eqwmjpo,  md  i>.tlMwftt 
DO  lc«ger  «ble  to  preia  the  tynnfft  to  tlic  FMtan)»  Midi^ 
will  a^  ]a«t  drop  off.  If  tbe  ^  be  admitted  bdbn  A« 
haf^KO^  the  jyrioga  will  imnvediatdj  riae  i^ajn. 

Screw  a  ahwt  bimi  pijie  into  the  pedf.  of  a  tougiprt- 
er,  on  whiflh  is  aet  a  toll  recavM,  and  ■amnmi.it  jaiai 
ostsra  of  Walter.    On  opeoiog  the  oqHc  llv  Vtytmn  tf 
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^  fike  ik  dik  A^  MtttKOe  of  the  water  in  the  dstmi  Win  fiMe 
^  it  up  dhroilgh  the  pipe^  and  oAuse  it  to  nponxt  into  the  re- 
■  oeiTer  with  a  strong  jet^  because  there  ii  no  air  within  to 
faahiiee  by  its  ekMicity  the  pressure  of  the  aliiioi^)here. 
>    AseFig.  8t. 

K  It  in  in  the  BBttid  IWf  thai  the  gage  ofthe  air^fmnip  per- 
fbraisito^tfoa  The  pressure  of  the  atmosphere  raises  the 
tefcieuij  ita  the  gige)  till  the  woght  of  the  mercury,  to« 
gather  irftfi  (he  rMiailiilg  dastidty  (rfthe  air  in  the  teeeiv^^ 
MS  in  equilibrio  with  the  wiMde  pKsaure  ofthe  atmoqihcre: 
ihefeftM  th^  he^t  and  weight  of  the  meircufy  in  thegi^ 
ls4ie««0esB  tl£  the  weight  df  the  irtmoq>here  abcrre  the 
idasfiaty  of  the  inckided  «r;  and  the  deficiem^  of  this 
height  fWxn  that  rfthe  mereury  in  the  Torioellian  tube  is 
the  measure  of  this  mttaitiing  eiastieity. 

If  a  Toriedfian  tube  be  put  under  a  tail  reod^^esr,  as 
showii  in  Kg*  03^  and  the  ttf  be  eshaustedy  the  mercury  in 
liie  tube  will  descend  while  that  in  the gi^  will  rise;  and 
Ae  satn  of  their  heights  will  always  be  the  same,  that  is, 
ei|ual  to  the  height  in  an  onlinarf  barometer.  The  height 
ofthe  tnehmry  in  the  receiver  is  the  ^eot  and  measure  of 
theVeiaainfing  elastiiSty  ef  the  inoluded  sir,  and  the  bright 
in  the  pump-gage  is  the  unbalanced  pressure  of  die  atmo- 
qihereb  This  is  a  t^  itastrudiye  experiment^  perfeedy  si- 
milar to  Mr  Auzout^,  formerly  tteotioned,  and  complete- 
ly establishes  and  ilkistriites  tiife  whde  ^cksMine  cf  alcmo^ 
spoenc  piiissCfiu. 

We  get  a  nmikr  ilhistftutio*  and  dtMhmatkMH  (Vwath  a 
thing  be  Itow  needed)  <rf  the  eMM  of  the  rise  •of  water  fai 
^nimipsy  by  screwing  a  ^rritoge  into  the  top  jdafie  of  a  reoeir- 
er,  which  syringe  4ias  a  short  ghub  pipe  plunging  into  A 
Miall  cup  of  wateh  See  Pig.  M.  When  flie  pisten-tod 
-is  drawn  up,  the  iMMt  rites  in  the  glass  pipe,  as  in  wiy 
other  pun^  of  whieh  this  is  «  mlniatttre  rephiestttatkm. 
But  if  the  «ir  has  been  previeuslf  exhattcfted  from  there- 


.Mioiyd^n^  ailiiiii^  to  pcoM  on^dMPiMHi^Kttle 
j«c;^'ud  h  will  not  rise  in  the  g^bip»gipe)liim(|Hi  the  pijtioii 
^^iiii'i^iiiigelie^daBirii  to|ki0.tDp< ..  -•  -.roi«  r  t. 
.^.j^iMfclggiyiii  to  tbe  liit  of  WBtv  'U^4[NM|»ii;iftMinie  sqjd 
moticm  in  Bypbom.    Suppoaeapipe  ABCD|.fi|g^Akb0Bt 
.  ftni^ffi^ies  9fB  sad  Xk  mA  hwinfajpitiwi  ends  im^ 
«MBEMd  ,in  tht  ciitm  fC  Mi«t  A-^ioid  D.  iiLek'tlif;  Jqg 
jGD  be  Jo^rev.tiuHi^lig  BA^-'Mndfatrdwi  wliole  be  fiiU 
,qC;initflr.    The  ivatar  ii  pcened  i^pnMfe-atal/with.afieoe 
■paella dieiiPriB^'«Cthe.«dbi^  of !«br;K4  nediiog  to 
.«AB.tap  of  thi^ajbMMpbtti;biit  k  ie,pceeidil,dp>rniwufd».hy 
^.in^teClhe  o^Lumnofwetec^BA-:  iShibjfatec.at  E 
.  Jttpteised  dawiiiraidB  by  the  M^  of  the  0^ 
.iqmiaidi  by  the  'Weight  (tf  the*  odiumi:of.M  SD^ieediing 
jto  the  top  (^  the  atmoiphilKcw  .  Thertwtfifiihwm  of  eirdif- 
Jhrjm^  li^:iyi  )thei^.Migl|t»  aod  ^mj.  wWiuiit  es^  eenn- 
•Wb  <Rf»  bevxMideiei'iiB'eqMl- :  !19Mmis»dieie  ie  «  mi- 
^tpenonty  of  preewpe  dunuwinb:  M  D»  «m|»  tl|e/water  will 
.flow  out  there.  :  The  peoieine  of  the  or  willlitfeethe  wa- 
ter in  the  leg  AB^  and  thus  the  stream  Will  be  kept  up  till 
the  vessel  A  is  emptied  as  low  as  the  orifice  of  the  leg  B  A, 
provided  the  height  of  AB  is  not  greater  than  what  the 
pressure  of  the  atmosphere  can  balance,  that  is,  does  not 
exceed  32  or  33  feet  for  water,  SO  inches  for  mercury,  &c. 
A  syphon  thai  will  always  run  fixHn  that  vessd  whose 
surfjBoe  is  highest ;  the  form  of  the  pipe  is  indifferent,  be- 
cause the  hydroBtatical  pressures  depend  on  the  vertical 
height  only.    It  must  be  filled  with  water  by  some  other 
contrivance,  such  as  a  funnel,  or  a  pump,  applied  a*top; 
and  the  funnel  must  be  stopped  up,  otherwise  the  air  would 
get  in,  and  the  water  would  &11  in  both  legB. 

If  the  syphon  have  equal  legs,  as  in  Fig.  56.  and  be 
iumed  up  at  the  ends,  it  will  remain  full  cf  water,  and  be 
ready  for  use.  It  need  only  be  dipped  into  any  vessel  of 
water,  and  the  water  will  th^  flow  out  at  the  other  end  of 
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the  syphon.    This  is  called  the  Wiriemberg  iiffJunh  9nd 
is  represented  in  Fig.  £6. 

What  is  called  the  syfhonjbuntam^  constructed  on  this 
principle,  is  shown  in  Fig.  57.  where  AB  is  a  tall  receiver, 
standing  in  a  wide  basin  D£,  which  is  supported  on  the 
pedestal  H  by  the  hollow  pillar  FG.  In  the  centre  of  the 
receiver  is  a  jet  pipe  C,  and  in  the  top  a  ground  stopper 
A .  Near  the  base  of  the  pillar  is  a  cock  N,  and  in  the  pe- 
destal b  another  cock  O. 

Fill  the  basin  DE  with  water  within  half  an  inch  of  the 
brim.  Then  pour  in  water  at  the  tqp  of  the  receiver  (the 
oock  N  being  shut)  dll  it  is  about  half  full,  and  then  put 
in  the  stopper.  A  little  water  will  run  out  into  the  vessel 
DE.  But  before^it  runs  over,  open  the  cock  N,  and  the 
water  will  run  into  the  cistern  H ;  and  by  the  time  that  the 
pipe  C  appears  above  water,  a  jet  will  rise  from  it,  and 
continue  as  long  as  water  is  supplied  from  the  basin  DE. 
The  passage  into  the  base  dstem  may  be  so  tempered  by 
the  cock  N  that  the  water  within  the  recover  shall  keep  at 
the  same  height,  and  what  runs  into  the  base  may  be  re- 
ceived from  the  cock  O  into  another  vessel,  and  returned 
into  DE,  to  keep  up  the  stream. 

This  pretty  philosophical  toy  may  be  constructed  in  the 
following  manner.  BB,  Fig.  58,  is  the  ferril  or  cap  in- 
to which  the  receiver  is  cemented.  From  its  centre  de- 
scends the  jet  pipe  C  a,  sloping  outwards,  to  give  room  for 
the  discharging-{npe  b  d  of  laiger  diameter,  whose  lower  ex- 
tremity d  fits  tightly  into  the  top  of  the  hollow  {uUar  FG. 

The  operation  of  the  toy  is  eanly  understood.  Sup- 
pose the  distance  from  C  to  H  (No  1.)  three  feet,  which  is 
about  ^^  of  the  hdgfat  at  which  the  atmosphere  would  sup- 
port a  colunm  of  water.  The  water  poured  into  AB  would 
descend  through  FG  (the  hole  A  being  shut)  till  the  air 
has  expanded  ^^i^,  and  then  it  would  stopb  If  the  pi|ie>Ca 
be  now- opened,  the  pressure  of  the  air  on  the  8ui£m»  of  the 
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water  in  the  ciatem  DE  will  cauae  it  to  apoul liiroii^C 
to  the  height  of  three  feet  nearly,  and  the  n^ba  wiileoB- 
tinue  to  descend  through  the  pipe  FG.  By  tcBpedqgtbe 
cock  N  80  as  to  allow  the  water  to  paaa  thnnj^it »  fint 
aft  it  is  supplied  by  the  jet,  the  amuaement  maj  beeosd- 
nued  a  kmg  time.  It  will  atop  at  laat,  however;  beeme, 
as  the  jet  is  made  into  raiefied  air,  a  little  air  will  beom- 
cated  from  the  water,  which  will  gradually  aocnmukeiD 
the  receiver,  and  diminish  ita  rarefaGtian,  wliidi  is  the 
moving  cause  of  the  jet  Thia  indeed  ia  an  incoBfenifaioe 
felt  in  every  employment  of  syphons,  ao  mucbtbeaore 
remarkably  as  their  top  is  higher  than  the  auifeoeof  the 
water  in  the  cistern  of  supply. 

Cases  of  this  employment  of  a  syphon  are  not  uifre^ 
quent  When  water  collected  at  A  (Fig.  £9.)  is  to  be  ooa- 
ducted  in  a  jnpe  to  C,  situated  in  a  lower  part  of  tbeooin- 
Cry,  it  sometimes  happens,  as  between  Liodiend  and  Leith, 
that  the  intervening  ground  is  higher  than  the  fiHmttio- 
head  as  at  B.  A  forcing  pump  is  erected  at  A,  sad  the 
water  forced  along  the  pipe.  Once  it  runs  out  at  C,  tbe 
pump  may  be  removed,  and  the  watcu:  will  contintie  to  run 
on  the  syphon  principle,  provided  BD  do  not  exceed  33 
feet.  But  the  water  in  that  part  of  the  <x>nduil  vludi  is 
above  the  horizontal  plane  AD,  is  in  the  same  stale  bi  in  a 
receiver  of  rarefied  air,  and  gives  out  some  of  the  air  whidi 
is  chemically  united  with  it  This  gradually  aocumuislies 
in  the  elevated  part  of  the  conduit,  and  at  last  chokes  it 
entirely.  When  this  happens,  the  forcing  pump  must 
again  be  worked.  Although  the  elevation  in  the  Lath 
conduit  is  only  about  eiglit  or  ten  feet,  it  will  seldom  nin 
for  IS  hours.  N.  B.  This  air  cannot  be  discharged  by  the 
usual  air-cocks ;  for  if  there  were  an  opening  at  B,  the  air 
would  rush  in,  and  immediately  stop  the  motion. 

This  combination  of  air  with  water  is  very  distinctly  seen 
by  means  of  tlic  air-pump.  If  a  small  glass  oontaiaiug 
cold  water,  fresh  drawn  from  the  spring,  be  exposed,  as  in 


FVJBUMATICS.  6^5 

Fig.  60.  under  the  recovery  and  the  air  rarefied,  small  bub* 
bles  will  be  obsenred  to  form  on  the  inner  surface  of  the 
glass,  or  on  the  surface  of  any  body  immorsed  m  it,  which 
will  increase  in  sixe,  and  then  detach  themselves  from  the 
glass  and  reach  the  top ;  as  the  rarefaction  advances,  the 
wlude  water  bcspns  to  show  very  minute  air-biibbles  rising 
to  the  top ;  and  this  appearance  wiU  continue  for  a  very  long 
time,  till  it  be  completely  disengaged.  Warming  the  wa- 
ter will  occasion  a  still  farther  separation  of  air,  and  aboil- 
ing  heat  will  separate  all  that  can  be  disengaged.  The 
reason  asngned  for  these  air-bubbles  first  appearing  on  the 
surface  of  the  glass,  &c  is,  that  air  is  attracted  by  bodies, 
and  adheres  to  their  surface.  Thi»  may  be  sa  But  it  is 
more  probably  owing  to  the  attraction  of  the  water  for  the 
glass,  which  causes  it  to  quit  the  ur  whidi  it  held  in  solu- 
tion, in  the  same  manner  as  we  see  it  happen  when  it  is 
mixed  with  spirits  of  wine,  with  vitriolic  acid,  &c  or  when 
salts  or  sugar  are  dissolved  in  it  For  if  we  pour  out  the 
water  which  has  been  purged  of  air  by  boiling  in  vacuOf 
and  fill  the  glass  with  fresh  water,  we  shall  observe  the 
same  thing,  although  a  film  of  the  purified  water  was  lefl 
adhering  to  the  glass.  In  this  case,  there  can  be  no  air 
adhering  to  the  glass. 

Water  thus  purged  of  air  by  boiling  (or  even  without 
boiling)  in  vacuo^  will  again  absorb  air  when  exposed  to 
the  atmosphere.  The  best  demonstration  of  this  is  to  fill 
with  this  water  a  phial,  leaving  about  the  size  of  a  pea  not 
filled.  Immerse  this  in  a  vessel  of  water,  with  the  mouth 
undermost,  by  which  means  the  mr-bubble  will  mount  up 
to  the  bottom  of  the  phial.  Afler  some  days  standing  in 
this  condition,  the  air-bubble  will  be  completely  absorbed, 
and  the  vessel  quite  filled  with  water. 

The  air  in  this  state  of  chemical  solution  has  lost  its  elas- 
ticity, for  the  water  is  not  more  compresable  than  commc^ 
water.  It  is  also  found  that  water  brought  up  from  a  gieat 
depth  under  ground  contains  much  more  ur  than  water  at 
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the.  surface.  Indeed  fbuntaia  waters  diflfet  exoeedingly  in 
this  respect.  Other  liquors  contain  much  greater  quanti- 
ties of  elastic  fluids  in  this  loosely  comlnoed  state,  A  glass 
of  beer  treated  in  the  same  way  will  be  almost  wholly  con- 
T«ted  into  froth  by  the  escape  of  its  fixed  air,  and  will 
have  lost  entirely  the  prickling  smartness  which  is  so  agree- 
able, and  it  become  quite  vapid. 

The  air-pump  gives  us,  in  the  next  place,  a  great  varie- 
ty of  experiments  illustrative  of  the  air^s  elastidty  and  ex- 
pansibility. The  very  operation  of  exhaustion,  as  it  is  call- 
ed, is  an  instance  of  its  great,  and  hitherto  unlimited,  ex- 
pannbaUty.  But  this  is  not  palpably  exhiUted  to  view,— 
The  following  experiments  shew  it  most  distinctly  : 

1.  Put  a  flaccid  bladder,  of  which  the  neck  is  firmly  tied 
with  a  thread,  under  a  receiver,  and  work  the  pump.  The 
bladder  will  gradually  swell,  and  will  even  be  fuUy  dis- 
tended. Upon  readmitting  the  air  into  the  receiver,  the 
bladder  gradually  collapses  agidn  into  its  former  dimen- 
dons:  while  the  bladder  is  flaccid,  the  air  within  it  is  of  the 
same  density  and  elasticity  with  the  surrounding  air,  and 
its  elasticity  balances  the  pressure  of  the  atmosphere.  When 
part  of  the  air  of  the  receiver  is  abstracted,  the  remainder 
expands  so  as  still  to  fill  the  receiver :  but  by  expanding 
its  elasticity  is  plainly  diminished ;  for  we  see  by  the  fact, 
that  the  elasticity  of  the  air  of  the  receiver  no  longer  ba- 
lances the  elasticity  of  that  in  the  bladder,  as  it  no  longer 
keeps  it  in  its  dimensions.  The  air  in  the  bladder  expands 
also:  it  expands  till  its  diminished  elasticity  is  again  in 
equilibrio  with  the  diminished  elasticity  of  the  air  hi  the 
receiver;  that  is,  till  its  density  is  the  same.  When  all 
the  wrinkles  of  the  bladder  have  disappeared,  its  air  can 
expand  no  more,  although  we  continue  to  diminish  the  elas- 
ticity of  the  air  of  the  receiver  by  further  rarefaction.  The 
bladder  now  tends  to  burst ;  and  if  it  be  pierced  by  a  point 
or  knife  fastened  to  the  slip-wire,  the  air  will  rush  out,  and 
the  mercury  descend  rapidly  in  the  gage. 
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If  ft  phial  or  tube  be  partly  filled  with  water^  and  in. 
mened  in  a  Tefltd  of  water  with  the  mouth  dowawarda,  die 
air  will  oocupj  the  upper  part  of  the  phiaL  If  thi»  ftppft- 
ratus  be  pat  under  a  receiver,  and  the  ur  be  abstraeted, 
the  air  in  the  pUal  will  gradually  expand,  allowing  the  wa- 
ter to  run  out  by  its  weight  till  the  surfiuse  of  the  water  be 
on  a  level  within  and  without  When  this  is  the  caae,  we 
must  grant  that  the  density  and  elasticity  of  the  air  in  the 
phial  is  the  same  with  that  in  the  receiver.  When  we  work 
the  pump  again,  we  shall  observe  the  air  in  the  phial 
expand  still  more,  and  come  out  of  the-  water  in  bub- 
bles. Continuing  the  qperation,  we  shall  see  the  air  oond- 
nuaUy  escaping  from  the  phial :  when  this  is  over,  it  shows 
that  the  pump  can  rarefy  np  more.  If  we  now  admit  the 
air  into  the  receiver,  we  shall  see  the  water  rise  into  the 
phial,  and  at  last  almost  completely  fill  it,  leaving  only  a 
very  small  bubble  of  air  at  top.  This  bubble  had  expand- 
ed  so  as  to  fill  the  whole  phial.  See  this  represented  in 
Fig.  61. 

Every  one  must  have  observed  a  cavity  at  the  big  end  of 
m  egg  between  the  shell  and  the  white.  The  white  and 
yolk  are  contained  in  a  thin  membrane  or  bladder  which 
adheres  loosely  to  the  shell,  but  is  detached  from  it  at  that 
part ;  and  this  cavity  increases  by  keeping  the  egg  in  a  dry 
place.  One  may  form  a  judgment  of  its  siso,  and  there- 
fore of  the  freshness  of  the  egg,  by  touching  it  with  the 
tongue ;  for  the  shell,  where  it  is  not  in  contact  with  the 
contents,  will  presently  feel  warm,  being  quickly  heated  by 
the  tongue,  while  the  rest  of  the  egg  will  feel  cold. 

If  a  hole  be  made  in  the  opponte  end  of  the  egg,  and  it 
be  set  on  a  little  tripod,  and  put  under  a  receiver,  the  ex- 
panraori  of  the  air  in  the  cavity  of  the  egg  will  foice  the 
contents  through  the  hole  till  the  egg  be  quite  emptied : 
or,  if  nearly  one  half  of  the  egg  be  taken  away  at  the  other 
end,  and  the  white  and  yolk  taken  out,  and  the  shell  be  put 
under  a  receiver,  and  the  air  abstracted,  the  air  in  the  ei^ 
vity  of  the  egg  will  expand,  gradually  deXaicKviii^^^^TSASKL* 
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fanne  from  the  ahell,  till  it  causes  it  to  swdl^oulyadgiTa 
the  whole  the  appearanoe  of  an  entire  egg.  la  lb  mm- 
ner  shrivelled  apples  and  other  fruits  will  swell  in  TStaobj 
the  expansion  of  the  air  confined  in  their  cavitieB. 

If  a  piece  of  wood,  a  twig  with  green  leayes^  dmooilt 
plaster  of  Paris,  &c.  be  kept  under  water  in  vaciKS  s  pro- 
digious quantity  of  air  will  be  extracted ;  and  if  we  resd- 
mit  the  air  into  the  receiver,  it  will  force  the  water  into 
the  pores  of  the  body.     In  this  case  the  body  will  sot 
swim  in  water  as  it  did  before,   shewing  that  the  vegeUUe 
fibres  are  specifically .  heavier  than  water.      It  is  ixod^ 
however,  that  the  air  contained  in  the  pith  and  bark,  sxh 
as  cork,  is  not  all  extricated  in  this  way  ;  and  that  modh 
of  it  is  contained  in  vesicles  which  have  no  outlet:  bong 
secreted  into  them  in  the  process  of  vegetation,  as  it  is  ss 
creted  into  the  air-bladder  of  fishes,  where  it  is  geoerallj 
found  in  a  pretty  compressed  state,  considerably  (koser 
than  the  surrounding  air.     The  air-bladder  of  a  fish  is  sur- 
rounded by  circular  and  longitudinal  muscles,  by  which  the 
fish  can  compress  the  air  still  further ;  and,  by  ceasing  to 
act  with  them,  allow  it  to  swell  out  again.     It  is  in  this 
manner  that  the  fish  can  suit  its  specific  gravity  to  its  si- 
tuation in  the  water,  so  as  to  have  no  tendency  either  to 
rise  or  sink :  but  if  the  fish  be  put  into  the  receiver  of  an 
air-pump,  the  rarefaction  of  tlie  air  obliges  the  fish  to  set 
more  strongly  with  these  contracting  muscles,  in  order  to 
adjust  its  specific  gravity ;  and  if  too  much  air  has  been 
abstracted  from  the  receiver,  the  fish  is  no  long^  able  to 
keep  its  air-bladder  in  the  proper  degree  of  compression. 
It  becomes  therefore  too  buoyant,  and  comes  to  the  top  of 
the  water,  and  is  obliged  to  struggle  with  its  tml  and  fins 
in  order  to  get  down ;  frequently  in  vain.     The  air-blnd- 
der  sometimes  bursts,  and  the  fish  goes  to  the  bottom,  and 
can  no  longer  keep  above  without  the  continual  action  of 
its  tail  and  fins.     When  fishes  die,  they  commonly  float  at 
top,  their  contractive  action  being  now  at  an  end.     All  this 
may  be  illustrated  Q;>uV.  Net^  vcsv^i^^>\^\  Vs^  %.  vnall  half-: 
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Mown  bladder,  to  which  is  appended  a  fait  of  lead,  jutt  lo 
heavy  as  to  make  it  nnk  in  water ;  when  this  is  put  under 
a  receiver,  and  the  air  abstracted,  the  bubble  will  rise  to 
the  top ;  and,  by  lucely  adjusting  the  rarefaction,  it  may 
be  kept  at  any  height-— See  Fig.  46. 

The  playdiings  called  CarieMian  devils  are  similar  to 
this :  they  are  hc^ow  glass  figures,  having  a  small  apeiv 
ture  in  the  lower  part  of  the  figures,  as  at  the  point  of  the 
foot ;  their  weight  is  adjusted  so  that  they  swim  upright  in 
water.  When  put  into  a  tall  jar  filled  to  the  top,  and  hav- 
ing a  (uece  of  leather  tied  over  it,  they  will  sink  in  the  wa- 
ter, by  presong  on  the  leather  with  the  ball  of  the  hand : 
this,  by  compressing  the  water,  finrces  some  of  it  to  enter 
into  the  figure,  and  makes  it  heavier  than  the  water ;  Sat 
which  reason  it  smks,  but  rises  again  on  removing  the  pres- 
sure of  the  hand.— See  Fig.  47,  No  1.  and  2. 

If  a  half-blown  ox-bladder  be  put  into  a  box,  and  great/ 
weights  laid  on  it,  and  the  whole  be  put  under  a  receiver, 
and  the  air  abstracted,  the  air  will,  by  expanding,  lift^iip 
the  weights,  though  above  an  hundred  pounds.— -See 
Fig.  48. 

By  such  experiments  the  great  expansilnlity  of  the  air  is 
abundantly  illustrated,  as  its  compressibility  was  formerly 
by  means  of  the  condensing  syringe.  We  now  see  that 
the  two  sets  of  experiments  form  an  uninterrupted  chain ; 
and  that  there  is  no  particular  state  of  the  air^s  denaty 
where  the  compressibility  and  expansibility  is  remarkably 
dismmilar.  Air  in  its  ordinary  state  expands ;  because  its 
ordinary  state  is  a  state  of  compression  by  the  weight  of 
the  atmosphere :  and  if  there  were  a  pit  about  33  miles 
deep,  the  air  at  the  bottom  would  probably  be  as  dense  as 
water;  and  if  it  were  50  miles  deep,  it  would  be  as  dense 
as  gold,  if  it  did  not  become  a  liquid  befi^re  this  depth : 
nay,  if  a  bottle  with  its  mouth  undermost  were  immersed 
six  miles  under  water,  it  would  probably  be  as  dense  as  wa- 
ter;  we  say  probably,' for  this  depends  on  the  nature  of  its 
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oompresnbiGty ;  that  18,  on  the  rdiation  whidi  nliiiits  be- 
tween the  oampression  and  the  force  vhidi  ppodimifc 

This  is  the  circumstance  of  its  ooii9titutioii»  wbidi  wt 
now  proceed  to  examine;  and  it  i»  evidently  amy 'i^ 
portant  drcumstance.    We  have  long  ago  obeendi  tbl 
the  great  compressibility  and  permanent  fluidity  of  air,  ob- 
served in  a  vast  variety  of  phenomena,  is  totally  ba^ 
cable^  on  the  suppoation  that  the  particles  of  air  are  like 
so  many  balls  of  sponge  ar  so  many  foot-balls.    Givi  to 
those  what  compressibility  you  please,  common  air  onU 
no  more  be  fluid  than  a  mass  of  day  ;  it  could  no  moRbe 
fluid  than  a  mass  of  such  balls  pressed  into  a  box.    It  oi 
be  demonstrated  (and  indeed  hardly  needs  a  demanstntioa), 
that  before  a  parcel  of  such  balls,  just  touching  eadb other, 
can  be  squeezed  into  half  their  present  dimensionsy  tlieir 
globular  shape  will  be  entirely  gone,  and  each  will  bsie 
become  a  perfect  cube,  touchix\g  six  other  cubes  with  id 
whole  surface ;  and  these  cubes  will  be  strongly  oompresMrf 
together,  so  that  motion  could  never  be  performed  through 
among  them  by  any  solid  body  without  a  very  great  force 
Whereas  we  know  that  in  this  state  air  is  just  as  penDeabJe 
to  every  body  as  the  common  air  that  we  breathe    There 
is  no  way  in  which  we  can  represent  this  fluidity  to  cor 
imagination  but  by  conceiving  air  to  consist  of  partidesi 
not  only  discrete,  but  distant  from  each  other,  and  actuated 
by  repulsive  forces,  or  something  analogous  to  them.    It 
is  an  idle  subterfuge,  to  which  some  naturalists  have  re- 
course, saying,  that  they  are  kept  asunder  by  an  intervening 
ether,  or  elastic  fluid  of  any  other  name.     This  is  only  re- 
moving the  difficulty  a  step  farther  off;  for  the  elasticity 
of  this  fluidity  requires  the  same  explanation ;  and  there- 
fore it  is  necessary,  in  obedience  to  the  rules  of  just  rea- 
soning, to  begin  the  inquiry  here ;  that  is,  to  determine 
from  the  phenomena  what  is  the  aiialogy  between  the  dis- 
tances of  the  particles  and  the  repulsive  forces  exerted  at 
these  distances,  proceeding  in  the  same  way  as  in  the  eia- 
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minnlkin  of  pkaelaiy  graTitation.  We  shall  karn  the 
analogy  by  attending  to  the  analogy  between  the  oom- 
presung  ibice  and  the  densi^* 

For  the  densty  depends  on  the  distance  between  the 
particles ;  the  nearer  ihej  are  to  each  other,  the  denser  is 
the  air*  Suppose  a  square  pipe  cme  inch  wide  and  eight 
inches  fongy  shut  at  one  end,  and  filled  with  common  air ; 
then  sujqiose  a  plug  so  nicely  fitted  to  this  jnpe  that  no  air. 
can  pass  by  its  sides ;  suppose  this  piston  thrust  down  to 
within  an  inch  of  the  bottom ;  it  is  evident  that  the  «r 
which  formerly  fiDed  the  whole  jupe  now  occupies  the  spaoe 
of  one  cubic  inch,  which  contains  the  same  number  of  pai^- 
tides  as  were  formerly  diffused  over  eight  cubic  inches^ 

The  condensation  would  have  been  the  same  if  the  mr 
which  filb  a  cube  whose  ade  is  two  inches  had  been 
squeezed  into  a  cube  of  one  indi,  for  the  cube  of  two  inches 
alio  contains  eight  inches.  Now,  in  this  case  it  is  evident 
that  the  distance  between  the  particles  would  be  reduced  to 
its  half  in  every  direction.  In  like  manner,  if  a  cube  whose 
ade  is  three  inches,  and  which  therefore  contains  ^  inches, 
be  squeezed  into  one  inch,  the  distance  of  the  particles  will 
be  one  third  of  what  it  was :  in  general  the  distance  of  the 
particles  will  be  as  the  ciibe-root  of  the  space  into  which 
they  are  compressed.'  If  the  spaoe  be  |,  /y>  ^,  jjfj,  &o. 
of  its  former  dimensions,  the  distance  of  the  particles  will 
be  ^,  ^iy  i,  &C.  Now  the  term  dennfy,  in  its  strict  sense, 
expresses  the  vicinity  of  the  particles;  demi  arbores  are 
trees  growing  near  each  other.  The  measure  of  this  vici^ 
nity  therefore  is  the  true  measure  of  the  densi^ ;  and  when 
87  inches  of  air  are  compressed  into  one,  we  should  say 
that  it  is  three  times  as  dense ;  but  we  say,  that  it  is  87 
times  denser. 

Density  b  therefore  used  in  a  sense  different  from  its 
strictest  aooqptadon :  it  expresses  the  comparative  number 
of  equidistant  particles  contained  in  the  same  bulk.  This 
IS  also  abundantly  precise,  when  we  compare  bodies  of  the 
same  kind,  differing  in  denaty  <Hily ;  but  ne  a\so  vkj^^&caI 
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gold  is  19  times  denser  than  water,  because  the  same  bulk 
of  it  is  19  times  heavier.  This  assertion  proceeds  on  the 
assumption,  or  the  fact,  that  every  ultimate  atom  of  ter- 
restrial matter  is  equally  heavy ;  a  particle  of  gold  may 
contain  more  or  fewer  atoms  of  matter  than  a  particle  of 
water.  In  such  a  case,  therefore,  the  term  dennty  has 
little  or  no  reference  to  the  vidnity  of  the  particles ;  and  is 
only  a  term  of  comparison  of  other  qualities  or  accidents. 

But  when  we  speak  of  the  respective  densities  of  the 
same  substance  in  its  different  states  of  compresnon,  the 
word  density  is  strictiy  connected  with  vicinity  of  particles, 
and  we  may  safely  take  either  of  the  measures.  We  shall 
abide  by  the  common  acceptation,  and  call  that  air  ^ht 
times  as  dense  which  has  eight  times  as  many  particles  in 
the  same  bulk,  although  the  particles  are  only  twice  as  near 
to  each  other. 

Thus  then  we  see,  that  by  observing  the  analogy  be- 
tween the  compressing  force  and  the  density,  we  shall  dis- 
cover the  analogy  between  the  compressing  force  and  the 
distance  of  the  particles.  Now  the  force  which  is  necessary 
for  compressing  two  particles  of  air  to  a  certain  vicinity  is 
a  proper  measure  of  the  elasticity  of  the  particles  corre- 
sponding to  that  vicinity  or  distance ;  for  it  balances  it, 
and  forces  which  balance  must  be  esteemed  equal.  Elas- 
ticity is  a  distinctive  name  for  that  corpuscular  force  which 
keeps  the  particles  at  that  distance  ;  therefore  observations 
made  on  the  analogy  between  the  compressing  force  and 
the  density  of  air  will  give  us  the  law  of  its  corpuscular 
force,  in  the  same  way  that  observations  on  the  simulta- 
neous deflections  of  the  planets  towards  the  sun  give  us  the 
law  of  celestial  gravitation. 

But  the  sensible  compressing  forces  which  we  are  able  to 
apply  is  at  once  exerted  on  unknow^n  thousands  of  particles, 
while  it  is  the  law  of  action  of  a  single  particle  that  we 
want  to  discover.  We  must  therefore  know  the  j^roportion 
of  the  numbers  of  particles  on  which  the  compressing  force 
is  exerted.     It  is  easy  to  see,  that  since  the  distance  of  the 
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partides  k  as  the  cube  root  of  the  density  ianxwAj^  the 
number  of  perticles  m  physical  contact  with  the  comprcsi 
ing  surface  must  be  as  the.  square  of  this  root.  Thus  when 
a  cube  of  aght  inches  is  compressed  into  one  inch,  and 
the  parades  are  twice  as  near  each  other  as  they  were  be» 
fore,  there  must  be  four  times  the  number  of  particles  in 
contact  with  eadi  of  the  sides  of  this  cubical  inch ;  or,  when 
we  have  pushed  down  the  square  piston  of  the  pipe  qioken 
of  above  to  within  an  inch  of  the  bottom,  there  will  be  four 
times  the  number  of  particles  immediai^  ccmtiguous  to 
the  piston,  and  reasting  the  compression ;  and  in  order  to 
obtain  the  force  really  exerted  on  one  partide,  and  the  elas- 
ticity of  that  particle,  we  must  divide  the  whole  compress 
ing  force  by  4.  In  like  manner,  if  we  have  compressed 
air  into  /^  of  its  former  bulk,  and  brought  the  particles  to 
^  of  their  former  distance,  we  must  cUvide  the  compressing 

force  by  9.    In  general,  if  'd  express  the  density,  9--=p 

will  express  the  distanced?  of  the  particles;    Vd^  at  d\ 

will  express  the  vidmty  or  real  density ;  and  dfi  will  ex- 
press the  number  of  particles  acting  on  the  compresaDg 
surface:  and  if /  express  the  accumulated  external  com- 

f 
pressing  force,  -^  will  express  the  force  acting  on  one  par- 

tide ;  and  therefore  the  elasticity  of  that  particle  corre- 
sponding to  the  distance  47. 

We  may  now  proceed  to  consider  the  experiments  by 
which  the  law  of  compression  is  to  be  established. 

The  first  experiments  to  this  purpose  were  those  made 
by  Mr  Boyle,  published  in  1661,  in  h\B  De/ensio  Docirina 
de  Aeris  Elatere  contra  Linum,  and  exhibited  before  the 
Royal  Sodcty  the  year  before.  Mariotte  made  experiments 
of  the  same  kind,  which  were  published  in  1676,  in  his 
Essais  ur  la  Nature  de  VAir  and  TraiU  des  Mouvemena  des 
Eau£.  The  most  copious  experiments  are  those  by  Sulzer 
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( JfM.  Berfyh  ul),  tboK  hy  FontflMi  {Q/tm  /%» 
JfolL),  and  tboae  by  Shuckbtugh  and  G«a.  Buy. 

In  order  to  examine  the  eompreaaifailitj  cf  ar  diit  a 
not  nurer  than  the  atmoqfdiere  at  the  auriaoe  of  tkecHtk^ 
we  employ  a  bait  tube  or  c3rplioa  ABCD  (Flg.ttl)|W^ 
metically  sealed  at  A  and  open  at  D.  The  AaX  kg  Al 
mustbeTery  accurately  divided  in  the  praportoaof  ill 
solid  oontentSy  and  fitted  with  a  acale  whose  umtidBMle 
equal  increments,  not  of  length,  but  of  capadtj.  tkm 
are  various  ways  of  doing  this;  but  it  requires  the  sMt 
scrupulous  attention,  and  without  thia  the  cxpenoMOtf  mt 
of  no  value.  In  particular,  the  arched  form  at  Anuit  be 
noticed.  A  small  quantity  of  mercurj  must  then  k  pour- 
ed into  the  tube,  and  passed  backwards  and  fonruditiit 
stands  (the  tube  bong  held  in  a  vertical  poatiflB}oii 
level  at  B  and  C.  Then  we  are  certain  that  tbe  indodiBd 
air  is  of  the  same  density  with  that  of  the  cont^guoitf  at 
mosphere.  Mercury  is  now  poured  into  the  1^  DC, 
which  will  fill  it,  suppose  to  G,  and  will  compress  the  air 
into  a  smaller  space  A  £.  Draw  the  horizontal  bieEF: 
the  new  bulk  of  the  compressed  air  is  evidently  AE,  mea- 
sured by  the  adjacent  scale,  and  the  addition  made  to  tbe 
compressing  force  of  the  atmosphere  is  the  weight  of  the 
column  GF.  Produce  GF  downwards  to  H,  till  FH  is 
equal  to  tbe  height  shown  by  a  Toricellian  tube  filled  viA 
the  same  mercury ;  then  the  whole  compresang  force  is 
HG.  This  is  evidently  the  measure  of  the  elasticity  of  tbe 
compressed  air  in  A£,  for  it  balances  it.  Now  poor  ia 
more  mercury,  and  let  it  rise  to  ^,  compressing  the  lir 
into  A  e.  Draw  the  horizontal  line  ejy  and  niakey*A  equil 
to  FH  ;  then  A  e  will  be  the  new  bulk  of  the  compressed 

AB 

air,  — —  will  be  its  new  density,  and  hff  will  be  the  mea^ 
iXV.  e 

sure  of  the  new  elasticity.  This  operation  nuy  be  extend- 
ed as  for  as  we  please,  by  lengthening  the  tube  CD,  and 
taking  care  that  it  be  strong  enough  to  resist  the  great 
pressure.    Grteal  c^xte  tQM%\.  V)%  vAjqgl  to  keep  the  whole 
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a  eoDBtant  tonpeimture,  beeaute  the  elasticitj  of  air  is 
eatl  J  affected  bj  heat,  and  the  change  by  any  increaae  c£ 
nperature  is  different  according  to  its  density  or  com- 


The  experiments  of  Boyle,  Mariotte^  AmontonSy  and 
Iters,  were  not  extended  to  very  great  compressions,  the 
nsity  of  the  «r  not  having  been  quadmpled  in  any  of 
sm ;  nor  do  they  seem  to  have  been  made  with  rerj 
eat  nicety.  It  may  be  collected  from  them  in  general, 
St  the  elasticity  of  the  sir  is  very  nearly  proportioned  to 
density ;  and  accordingly  this  law  was  almost  immedi. 
dy  acquiesced  in,  and  was  called  the  Bcjfkan  law :  it  is 
cordingly  assumed  by  almost  all  writers  on  the  subject 
exact.  Of  late  years,  however,  there  occurred  questions 
which  it  was  of  importance  that  this  point  diould  be  more 
rupulously  settled,  and  the  ffarmer  experiments  were  re- 
nted and  extended.  Sulzer  and  Fontana  have  carried 
em  farther  than  any  othor.  Sulzer  compressed  air  into 
of  its  former  dimensions. 

Considerable  varieties  and  irregulariUes  are  to  be  ob- 
rved  in  these  experiments.  It  is  extremely  difficult  to 
eserve  the  temperature  of  the  apparatus,  particularly  of 
e  leg  AB,  which  is  most  handled.  A  great  quantity  of 
ercury  must  be  employed ;  and  it  does  not  appear  that 
lilosophers  have  been  careful  to  have  it  precisely  similar 
that  in  the  barometer,  which  gives  us  the  unit  of  com-, 
essing  force,  and  of  elasticity.  The  mercury  in  the 
rometer  should  be  pure  and  boiled.  If  the  mercury  in 
e  sjrphon  is  adulterated  with  bismuth  and  tin,  which 
commonly  is  to  a  considerable  degree,  the  compress- 
g  force,  and  consequently  the  elastirity,  will  appear 
eater  than  the  truth.  If  the  barometer  has  not  been 
cely  fitted,  it  will  be  lower  than  it  should  be,  and  the 
mpressing  force  will  appear  too  great,  because  the  unit 
too  small ;  and  this  error  will  be  most  remarkable  in  the 
nailer  fompreosionfl. 
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The  greatest  KHUoe  of  enor  andincgukBtf  imka- 
peiiments  is  the  very  heterogeneoiu  natnieof  theiiri 
self.  Air  is  a  solvent  of  all  Aindsj  mH  ymgam,  and  ja- 
haps  of  many  solid  bodies.  It  is  highly  impdbiUe  tfaM 
the  different  compounds  shall  have  the  same  duMtj,  or 
even  the  same  law  of  eUstid^ :  and  it  is  wdl  knows,  Ai 
air,  loaded  with  water  or  other  volatile  hocfio,  itaadi 
more  expanuble  by  heat  than  pure  air  ;  nay,  it  vooldip 
pear  from  many  experiments,  that  certain  ittaniak 
dianges  both  of  density  and  of  temperature,  ciiiirakti 
let  go  the  vapours  which  it  holds  in  solution.  Cold  csam 
it  to  precipitate  water,  as  iqipears  in  dew;  so  dimutt&o 
tion,  as  is  seen  in  the  receiver  of  an  air-pump^ 

In  general,  it  appears  that  the  elasticity  of  or  doamt 
increase  quite  so  fast  as  its  density.  This  will  be  bat  ■■ 
by  the  following  tables,  calculated  from  the  expenmefltiif 
M.  Sulzer.  The  column  £  in  each  set  of  esqieriiDeirtscip 
presses  the  length  of  the  column  GH,  the  imit  bong  FB, 

while  the  column  D  expresses  r-^;. 


Pint  Set. 

Second  Set. 

ThMSeC 

D 

fi 

D 

E 

D 

E 

1.000 

1,000 

1,000 

1,000 

1,000 

1.000 

1,100 

1,093 

1.236 

1,224 

1,091 

1.076 

1,22« 

1.211 

1,294 

1,288 

1,200 

1,IS3 

1,375 

1,284 

1,375 

1.332 

1333 

1,303 

1,571 

1,559 

1,466 

1,417 

1,500 

1,472 

1,69« 

1,669 

1,571 

1,515 

1,714 

1,659 

1,833 

1,796 

1,692 

1.647 

2,000 

1.958 

2,000 

1,964 

2,000 

1,900 

2,2S8 

2.130 

2,444 

2,375 

2,444 

2392 

2,400 

2.241 

3.143 

2,936 

3,143 

3,078 

3,000 

2,793 

3,666 

3,391 

3,666 

3.575 

4,000 

3,706 

4^000 

3,631 

4,444 

4.035 

4,444 

4,320 

4,888 

4,438 

5,500 

4,922 

5,500 

5,096 

5.882 

5,522 

7333 

6,694 

6,000 

5,297 

SMO 

«,8S5 
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There  asppean  in  these  experiments  sufficient  grounds 
Bor  calling  in  question  the  Boolean'  kw ;  and  the  writer  of 
Ais  article  thought  it  incumbent  on  him  to  repeat  them 
irith  some  precautions,  which  probably  had  not  been  at- 
feanded  to  by  Mr  Sulser.  He  was  particularly  anxious  to 
have  the  air  as  free  as  possible  from  moisture.  For  this 
purpose,  having  detached  the  short  leg  of  the  syphon, 
which  was  84  inches  long,  he  bcnled  mercury  in  it,  and  fill- 
ad  it  with  mercury  Ixnling  hot.  He  took  a  tinplate  vessel 
of  sufficient  capacity,  and  put  into  it  a  quantity  of  powder- 
ad  quicklime  just  taken  from  the  kiln ;  and  having  closed 
Che  moutli,  he  agitated  the  lime  through  the  air  in  the  ves- 
tel,  and  allowed  it  to  remain  there  all  night  He  then 
emptied  the  mercury  out  of  the  sy|dion  into  this  vessel, 
keeping  the  open  end  far  within  it.  By  this  means  the 
short  leg  of  the  syphon  was  fiQed  with  very  dry  air.  The 
otbw  part  was  now  joined,  and  boiled  mercury  put  into  the 
bend  of  the  syphon ;  and  the  experiment  was  then  prose* 
cuted  with  mercury  which  had  been  recently  boiled,  and 
was  the  same  with  which  the  barometer  had  been  carefully 
filled. 

The  results  of  the  experiments  are  expressed  in  the  fiil- 
bwing  table. 


DiyAJr. 

MoiitAis. 

Du^  Air. 

D 

E 

D 

B 

D 

B 

1,000 
2,000 
3,000 
4,000 
5,500 
6,000 
7,620 

1,000 
1,957 
2,848 
3,737 
4,930 
5,342 
6,490 

1,000 
2,000 
3,000 
4^000 
5,500 
6,000 
7,620 

1,000 
1,920 
2,839 
3,726 
5,000 
5,452 
6,775 

1,000 
2,000 
3.000 
4,000 
5,500 
6,000 
7,620 

1,000 
1.909 
2,845 
3.718 
5,104 
5,463 
6,812 

Here  it  appears  again  in  the  clearest  manner,  that  the  elas- 
ticities do  not  increase  as  £ut  as  the  densities,  and  the  dif- 
Terenoes  are  even  greater  than  in  Mr  Sulzer^s  eiqperiments. 


4le»  it  liplMtfs  thMt  diedllti^^ 
.pordttMl  to  the  dbiiitielf  +  a  M^ 
ff  Oyll  dtefknteg^  fiMf  tMA  ftdb  cUoly'lnMMty  tw  wMi* 
tfet  i  sad  lA  ^dim  ii^Udi  fimSto  we  hafe  irtsy  neatly 
D««E*^^.    Afl  dib  air  b  nearer  to  tfaa  tidiftllitiitm 
mmuiplkile  tft^  tiun  tlM»  fthner^  Aib  rftto  rtagr  be  arfidjp 
HBo#eB  in'eiMeft  wlieie  atmo^Hiene  ett  is  eoMBMed^  art  ill 
mmmi'Uig  the  depths  of  |nt8  by  the  beroDseter. 
^ Tlie Ihiitf  tribkf  Okmn  life  tumpfenAM aiilflMioity  of 
air  Mtmgly  lm|iKgBttted  irfdi  thri  tepoorft  of  bimphiret. 
Hkre  th6  Boolean  law  appears  pretty  emtt,  im  mdier  the 
destfdty  seems  to  increese  a  littk  fluter  than  the  densHy. 
*-Pr  Urtte  eJMBniied  ths*  eoAipresMli  of'vr  fey  uMmM- 
1^  a  bolde  t9  greet  depdls  in  the  iBi^  aad  ire^|;lling  the 
Utter  lAnch  fjtk  intb  it^  wxtikMrt  eny  etapeof  ahr*    But  this 
tfMtbttd  was  Gable  to  great  unoertdnty^  on  imoBtAt  of  the 
ttfaidwn  tempeiMme  of  the  sea  at  great  depdis. 

Hitherto  we  have  oon«dered  only  such  ear  as  is  not  rarer 
than  what  we  breathe ;  we  must  take  a  very  different  me- 
Aod  for  examining  the  elastidty  of  rarefied  air. 

Let  g  h  (Fig.  67.)  be  a  long  tube,  formed  a-top  into  a 
cup,  and  of  sufficient  diameter  to  receive  another  smaller 
tube  a^  open  at  first  at  both  ends.  Let  the  outer  tube  and 
cup  be  filled  with  mercury,  which  will  rise  in  the  inner 
tube  to  the  same  level.  Let  af  now  be  stopped  at  a.  It 
contains  air  of  the  same  density  and  elastidty  with  the  ad- 
joining atmosphere.  Note  exactly  the  space  a  b  which  it 
Occupies.  Draw  it  up  into  the  poation  of  Fig.  68.  and  let 
the  mercury  stand  in  it  at  the  hdght  d  e,  while  c  r  is  the 
hdght  of  the  mercury  in  the  barometer.  It  is  evident  that 
the  column  de  is  in  equilibrio  between  the  pressure  of  the 
atmosphere  and  the  elasticity  of  the  air  included  in  the 
spaee  a  d.  And  since  the  weight  of  c  f  would  foe  in  equi- 
librist with  the  whole  pressure  of  the  atmosphere,  the  freight 
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of  d'd  18  equivalent  to  the  elasticity  of  the  included  air. 
While  therefore  c  f  is  the  iaeasure  of  the  elasticitj  of  the 
surrounding  atmosphere,  cd  will  be  the  mioasure  of  the 
ekfitici^  of  the  induded  air ;  and  since  the  air  originally 
occupied  the  space  a  6,  and  has  now  expanded  into  ad^ 

we  have  —r  for  the  measure  of  its  density.    N.B.  ce  and 

cd  are  measured  by  the  perpendicular  heights  of  theeo- 

lumns,  but  a  b  and  a  d  must  be  measured  by  their  solid 

capacities. 

By  raising  the  inner  tube  still  higher,  the  mercury  will 

also  rise  higher,  and  the  included  air  will  expand  still  fiur- 

ah 
ther,  and  we  obtidn  another  c  J,  and  another  —^i  and  in 

this  manner  the  relation  between  the  density  and  ekstkaty 
of  rarefied  air  may  be  discovered. 

This  examination  may  be  managed  more  easily  by  means 
of  the  air-pump.  Suppose  a  tube  as  (Fig.  69-)  oontaiiv 
ing  a  small  quantity  of  air  a  bj  set  up  in  a  cistern  of  mev* 
cury,  which  is  supported  in  the  tube  at  the  height  e  &,  and 
let  eche  the  height  of  the  Inercury  in  the  barometer.  Let 
this  apparatus  be  set  under  a  tubulated '  receiver  <m  the 
pump-plate,  and  let  ^n  be  the  pump^gage,  and  mn  be 
made  equal  toce* 

Then,  as  has  been  already  shewn,  c  6  is  the  measure  of 
the  elasticity  of  the  air  in  a  6,  conesponding  to  the  bulk 
a  b.  Now  let  some  air  be  abstracted  frcnn  the  receiver. 
The  elasticity  of  the  remainder  will  be  diminished  by  ka 
expansion ;  and  therefore  the  mercury  in  the  tube  a  e  wiM 
descend  to  some  point  d  Vos  the  same  reason,  the  mcr« 
cury  in  the  gage  will  rise  to  some  point  o,  and  m  o  will 
express  the  elasticity  of  the  air  in  the  receiver.  This  wouM 
support  the  mercury  in  the  tube  a  e  the  height  er,  if  the 
i^ace  a  r  were  entirely  void  of  mr.  Thereiwe  r  d  is.  the 
efiect  and  measure  of  the  elasticity  of  the  included  air  when 
it  has  expended  to  the  bulk  ad;  aad  thus  'M  tUsKmtff 
7 
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lador  m  vaiietjr  of  other  bulb^  vmj  be  iweiifeiiiil  irith  ils 
olistidt]r-irlieiiorihebulka&  TWTwii  the-dfe  hai  been  eo 
fiyr  itetneted  firomtbe  reoehrer  that  the  mnBdiy  in  a# 
dwcfnHi  totfy  the&fRO'irillbethepMfaiee  -iawme  of  its 

eiMuGI^. 

In  all  these  oiUKs  it  IS  oeoeiMiy  to  eonipaze  iU  bulk  a  i 
with  its  natural  bulky  in  which  its  ekstidty  balances  the 
laeSBUie  of  the  atmosphere^  Tliis  may  be  done  by  hrpng 
the  tube  a§  horisontallyy  and  then  the  air  will  ooDiqise 
ibId  its  ordinary  bulk. 

Another  easjr  method  may  bto  taken  for  this  ezamina- 
tioB.'  Let  an  apparatns  a  i  o <f « jf  (Fig. .  7D.)  be  inade^ 
eoottStbg  of  a  horizontal  tube  ae  ci  even  bore,  a  ball 
d£fe  of  a  huge  diameter,  and  a  swanpueek  tiAe  h^.  Let 
the  baU  and  part  of  the  tube  geb  ht  fiUed  with  mercury , 
ao  that  the  tube  may  be  in  the  same  hjfwiaontal  jdane  with 
the  muEtnotde  of  tfie  meccuiy  in  the  balL  'Then  seal' up 
the  end  a,  and  eonnect ^  with  an  air*punip.  When'the 
«r  is abstractiBd  from  the  surfiused^,  thew  in  a i  will  ex- 
pand into  a  larger  bulk  a  c,  and  the  mercury  in  the  pump- 
gage  will  rise  to  some  distance  below  the  barometric  height. 
It  is  evident  that  this  distance,  without  any  farther  calcu- 
lation, will  be  the  measure*  of  the  elasticity  of  the  air  press- 
ing on  the  surface  d  e^  and  therefore  of  the  air  in  a  c. 

The  most  exact  of  all  methods  is  to  suspend  in  the  re- 
odver  of  an  air-pump  a  glass  vessel,  having  a  very  narrow 
mouth  over  a  cistern  of  mercury,  and  then  abstract  the  air 
till  the  gage  rises  to  some  determined  height  The  differ- 
ence e  between  this  height  and  the  barometric  height  de- 
termines the  elasticity  of  the  air  in  the  receiver  and  in  the 
suspended  vessel.  Now  lower  down  that  vessel  by  the  slip- 
frire  till  its  mouth  is  immersed  into  the  mercury,  and  ad- 
mit the  air  into  the  receiver ;  it  will  press  the  mercury  into 
the  little  vessel  Lower  it  still  farther  down,  till  the  mer- 
cury within  it  is  level  with  that  without ;  then  stop  its 
mouth,   take  it  out  and  weigh  the  mercury,  and  let  its 
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wdght  be  w.  Subtract  this  weight  from  the  weight  v  of 
the  mercury,  which  would  completely  fill  the  whole  veasel ; 
then  the  natural  bulk  of  the  air  will  be  z^  -—  v,  while  its 
bulk,  when  of  the  elasticity  e  in  the  rarefied  receiver,  was 
the  bulk  or  capad^  w  of  the  vessel    Its  deniuty,  there^ 

fore,  corresponding  to  this  elasticity  e^  was  .  And 


thus  may  the  relation  between  the  density  and  dasticity 
in  all  cases  be  obtained. 

A  great  variety  of  experiments  to  this  purpose  have 
been  made,  with  different  degrees  of  attention,  according 
to  the  interest  which  the  philosophers  had  in  the  result 
Those  made  by  De  I41C,  General  Boy,  Trembley,  and 
Shuckburgh,  are  by  far  the  most  accurate ;  but  they  are 
all  confined  to  very  moderate  rarefactions.  The  general 
result  has  been,  that  the  elasticity  of  rarefied  air  is  very 
nearly  proportional  to  its  density.  We  cannot  say  with 
confidence  that  any  regular  deviation  from  this  law  has 
been  observed,  there  being  as  many  observations  on  one 
side  as  on  the  other ;  hut  we  think  that  it  is  not  unworthy 
the  attention  of  philosophers  to  determine  it  with  precision 
in  the  cases  of  extreme  rarefiustioa,  where  the  irregularities 
are  most  remarkable.  The  great  source  of  error  is  a  c^- 
tain  adhesive  sluggishness  of  the  mercury  when  the  impel- 
ling forces  are  v^  small ;  and  other  fluids  can  hardly  be 
used,  because  they  either  smear  the  inside  of  the  tube  and 
diminish  its  capacity,  or  they  Are  converted  into  vapour, 
which  alters  the  law  of  elasticity. 

L^t  us,  upon  the  wholes  assume  the  Boylean  law,  viz. 
that  the  elasticity  of  the  air  is  proportional  to  its  density. 
The  law  deviates  not  in  any  sensible  degree  from  the  truth 
m  those  pases  which  are  of  the  greatest  practical  import- 
ance, that  is,  when  the  density  does  not  much  ex(;eed  or  fall 
short  of  that  of  ordinary  air. 

Let  us  now  see  lyhat  information  this  gives  us  with  re- 
spect to  the  action  of  the  particles  on  each  other. 

Vol.  III.  2  S 
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The  investigation  b  eKtremely  eisy.  We  have  seen 
thijtafixoe  dght  times  gieeter  dian  Ae  pnanie  of  the 
•Anoqphete  will  eomprdks  common  eir  into  die  eighth  part 
of  its  oommon  bulk,  and  give  it  eight  tiines  its  common 
dettityr  andin  thb  case  ve  know,  that  the  perddes  are 
at  half  their  £onper  distance^  and  that  the  numher  which 
are  now  acUng  on  the  surface  of  the  pston  empk>yed  to 
^pnipteas  them  b  quadruple  of  the  number  which  act  on  it 
when  it  is  of  the  oommcm  density^  Therefore,  when  this 
e^tfidd.oompresung  force  is  distributed  over  a  fourfold 
Bomber  of  partides^  the  portion  of  it  which  acts  on  each  is 
double.  In  like  manne*,  when  a  compresang  finoe  27  is 
employed,  the  air  is  compressed  into  ^  of  its  former  bulk, 
the  particles  aire  at  |  of  thar  former  distance,  andtheferoe 
is  distributed  among  9  times  the  number  of  particles ;  the 

tone  on  eadi  is  therefiire  8,    In  short,  let  -  be  the  dis- 

tance  rf  the  partides,  the  number  of  them  in  any  given 
vessel,  and  therefore  the  density  will  be  as  «'*,  and  the 
number  pressing  by  their  elastidty  on  its  whole  internal  sur- 
face will  be  as  ^.  Experiment  shows,  that  the  compressing 
force  is  as  ^r^,  which  being  distributed  over  the  number  as 
«*,  will  give  the  force  on  each  as  x.  Now  this  force  is  in 
immediate  equilibrium  with  the  elasticity  of  the  partide 
immediately  contiguous  to  the  compressing  surface.  This 
elasticity  is  therefore  as  x :  and  it  follows  from  the  nature 
of  perfect  fluidity,  that  the  particle  adjoining  to  the  com- 
pressing surface  presses  with  an  equal  force  on  its  adjoin- 
ing  particles  on  every  side.  Hence  we  must  conclude,  that 
the  corpuscular  repulsions  exerted  by  the  adjoining  par- 
ticles are  inversely  as  their  distances  from  each  other,  or 
that  the  adjoining  particles  tend  to  recede  from  each  other 
with  forces  inversely  proportional  to  their  distances. 

Sir  Isaac  Newton  was  the  first  who  reasoned  in  this  man- 
ner from  the  phenomena.  Indeed  he  was  the  first  who 
had  tlie  patience  to  reflect  on  the  phenomena  with  any  pre- 
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cison.  '  His  discoveries  in  gravitation  naturally  gave  his 
thoughts  this  turn,  and  he  very  early  hinted  his  suspidons 
that  all  the  diarateristic  phenomena  of  tangible  matter 
were  produced  hj  fixces  which  were  exerted  by  the  parti- 
cles at  small  and  insensible  distances.  And  he  considers 
the  phenomena  of  air  as  affording  an  excellent  example  of 
this  investigation,  and  deduce?  iiom  them  the  law  which 
we  have  now  demonstrated ;  and  says,  that  air  consists  of 
particles  which  avdd  the  adjoining  particles  with  forces 
inversely  proportional  to  their  distances  from  each  other. 
From  this  he  deduces  (in  the  ^  book  of  his  Principles) 
several  beautiful  propositions,  determining  the  medianical 
constitution  of  the  atmosphere. 

But  it  must  be  noticed  that  he  limits  this  action  to  the 
adjoining  particles :  and  this  is  a  remark  of  immense  con- 
sequence, though  not  attended  to  by  the  numerous  experi- 
menters who  adopt  the  law. 

It  is  plain  that  the  particles  are  supposed  to  act  at  a 

distance,  and  that  this  distance  is  variable,  and  that  the 

forces  diminish  as  the  distances  increase.    A  very  ordinary 

air-pump  will  rarefy  the  ^r  125  times.     The  distance  of 

the  particles  is  now  five  times  greater  than  before ;  and  yet 

they  still  repel  each  other :  for  air  of  this  density  will  still 

support  the  mercury  in  a  syphon-gage  at  the  height  of 

24  . 

0,34,  or  -^  of  an  inch ;  and  a  better  pump  will  allow  this 

air  to  expand  twice  as  much,  and  still  leave  it  elastic. 
Thus  we  see  that  whatever  is  the  distance  of  the  particles 
of  common  air,  they  can  act  five  times  farther  ofF.  The 
question  comes  now  to  be.  Whether  in  the  state  of  common 
air,  they  really  do  act  five  times  farther  than  the  distance 
of  the  adjoining  particles  ?  While  the  particle  a  acts  on  the 
particle  b  with  the  force  5,  does  it  also  act  on  the  particle 
c  with  the  force  2,5,  on  the  particle  d  with  the  force  1,667, 
on  the  particle  e  with  the  force  1)25,  on  the  particley*  with 
the  force  1,  on  the  particle  g  with  the  force  0,8i)83,  8ec.  ? 
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Sir  Isaac  Newton  shows  in  the  pi**«^»  mams^  tliaidiii 
is  by  no  means  the  case;  fi>r  if  this  wore  the  csHi  be  bmIm 
it  appear  that  the  sensible  pheoomenn  of  ^^'■^■f*^ 
would  be  totally  different  from  what  we  obiRfe.  The 
force  necessary  for  a  quadruple  ^^ftwi^tiaatiiT  wosld  be 
eight  times  greater,  and  for  a  nonuide  cnndensrtina  tbe 
force  must  be  27  times  greater*  Two  aphores  fillsd  «iA 
condensed  air  must  repel  each  other,  and  two  uphsKieafr 
taining  air  that  is  rarer  than  the  Bunounding  air  wat  i^ 
tract  each  other,  &&  Sec.  All  tbia  will  appear  r&rj  denif, 
by  applying  to  air  the  reasoning  whidi  Sir  IsaacNevtop 
baa  employed  in  deducing  the  aenaiUe  law4>f  mntnltHh 
dency  of  two  qpheres,  which  coosiBt  of  particlea  atMbsg 
each  other  with  fcnroea  proportional  to  the  aquave  d  & 
distance  inversely. 

If  we  could  suppose  that  the  particlea  of  air  nfM 
each  other  with  invariable  forces  at  all  diataaoes  withii 
some  small  and  insensible  limit,  this  would  produce  •  axD- 
pressibility  and  elasticity  similar  to  what  we  observe.  For 
if  we  consider  a  row  of  particles,  within  this  limit,  as  com* 
pressed  by  an  external  force  applied  to  the  two  extreoii- 
ties,  the  action  of  the  whole  row  on  the  extreme  foin^ 
would  be  proporUonal  to  the  number  of  particles,  thstii^ 
to  their  distance  inversely  and  to  their  density :  and  i 
number  of  such  parcels,  ranged  in  a  straight  line,  would 
constitute  a  row  of  any  sen^ble  magnitude  having  the 
same  law  of  compression.  But  this  law  of  corpuseal&r 
force  is  unlike  every  thing  we  observe  in  nature,  and  to 
the  last  degree  improbable. 

We  must  therefore  continue  the  limitation  of  this  mutuil 
repulsion  of  the  particles  of  air,  and  be  contented  for  the 
present  with  having  established  it  as  an  experimental  Act, 
that  the  cuyoining  particles  of  air  are  kept  asunder  by 
forces  inversely  proportional  to  their  distances ;  or  perb^K 
it  is  better  to  abide  by  the  sensible  law,  that  the  denmin  (f 
air  is  proportional  to  the  compreitingjbrce.     This  latr  15 
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abundflntly  tuffldcnt  ibr  explaiaixig  all  the  subordinate 
phenGmena,  and  fer  giving  us  a  complete  knowledge  of  the 
QMhanical  cx>nftittttion  of  our  atmosphere. 

And,  in  the^ril  place,  this  view  of  the  oompresability 
of  the  air  must  gire  us  a  very  difRn'ent  notion  of  the  height 
of  the  atmosphere  from  what  we  deduced  on  a  former  oc- 
casion from  our  experiments.  It  is  found,  that  when  the 
air  is  of  the  temperature  32^  of  Fahrenheit* s  thermometer, 
and  the  mercury  in  the  barometer  stands  at  80  inches,  it 
will  descend  one-tenth  of  an  inch  if  we  take  it  to  a  place 
ffl  tett  higher.  Therefore,  if  the  air  were  equally  dense 
ood  heavy  throughout,  the  height  of  the  atmosphere  would 
be  30  X 10  X  87  feet,  or  five  miles  and  100  yards.  But 
the  loose  reasoning  adduced  on  that  occasion  was  enough 
to  show  us  that  it  must  be  much  higher ;  because  every 
stMtum  as  we  ascend  must  be  successively  rarer  as  it  is  less 
eompressed  by  incumbent  weight'  Not  knowing  to  what 
degree  air  expanded  when*  the  compression  was  diminirii- 
ed,  we  could  not  tell  the  successive  diminutions  of  dennty 
and  consequent  augmentation  of  bulk  and  height;  we 
could  only  say,  that  several  atmospheric  appearances  indi* 
coted  a  much  greater  height  Clouds  have  been  seen  much 
higher ;  but  the  phenomenon  of  the  twilight  b  the  most 
convincing  proof  of  this.  There  is  no  doubt  that  the  vi- 
rilnli^  of  the  sky  or  air  is  owing  to  its  want  of  perfect 
transparency,  each  particle  (whether  of  matter  purely  aerial 
or  heterogeneous)  reflecting  a  little  light 

Let  b  (Fig.  7 J .)  be  the  last  particle  of  illuminated  Ar 
which  can  be  seen  in  the  horison  by  a  spectator  at  A. 
This  must  be  illuminated  by  a  ray  S  D  &,  touching  the 
earth^s  surface  at  some  point  D.  Now  it  is  a  known  fact, 
that  the  degree  of  iUumination  caUed  iwiUgfU  is  percrived 
when  the  sun  is  18*  below  the  horizon  of  the  spectatcM-, 
that  is,  when  the  angle  E&SorACDislS  degrees ; 
therefore  6  C  is  die  secant  of  nine  dq;rees ;  (it  is  less,  ^^* 
about  8i  degrees,  tm  account  of  refraction).    We  know 


1 


the  eartli^s  radhn  to  beilioaft*8910 

dude  i  B  to  be  aboat  45  iDil^»^  n^y  -•  ^^^mmUt  i* 

lumination  is  peroeptihle  mudi  fittdMr  ftom  the  iiaAi  fhoe 

tfam  this,  perfaapB  twice  ae  hr^  and  the  air  ie  wIumIIj 

dense  for  leflectiiig  a  senttUe  fight  aft  tiie  height  ef  waAf 

iBOOmiles. 

We  have  now  seen  that  mx  ia  pndig^0ii8ly  apodk 
None  of  our  experiments  have  dnCiiictlj  showBasa^L 
mit  But  it  doe^  not  follow  that-  it  ia  cxpanAfe  wiAtd 
end ;  nor  is  this  at  all  likrijl  It  k  mudi  waanjiMk 
-that  thei^  is  a  eertain  ifistanoe  of  the  parts  in  wiak  (kj 
DO  longer  repd  each  other ;  and  this  would  betfasdabaoe 
at  which  they  would  anange  thenEiaelvea  if  they  woe  ait 
heavy.  But  at  the  Tety  summit  of  the  atmoflphcfe  % 
will  be  a  very  small  matter  nearer  to  each  Other,  oaaooNil 
of  their  gfavitation  to  the  earth.  Till  we  know  pmalf 
the  law  of  this  mutual  repulnon,  we  cannot  say  wfait  if  At 
height  of  the  atmosphere. 

But  if  the  air  be  an  elastic  fluid  whose  density  is  alvays 
proportionable  to  the  compressing  force,  we  can  tell  wbat 
is  its  denaty  at  any  height  above  the  surface  of  tbe  earth : 
and  we  can  compare  the  density  so  calculated  with  the 
density  discovered  by  observation :  for  this  last  is  iims- 
sured  by  the  height  at  which  it  supporta  mercury  in  the 
barometer.  This  is  the  direct  measure  of  the  presaneof 
the  external  air ;  and  as  we  know  the  law  of  gravitation, 
we  can  tell  what  would  be  the  pressure  of  air  having  the 
calculated  density  in  all  its  parts. 

Let  us  therefore  suppose  a  prismatic  or  cylindric  aJunm 
of  air  reaching  to  the  top  of  the  atmosphere.  Let  thb  be 
divided  into  an  indefinite  number  of  strata  of  very  soall 
and  equal  depths  or  thickness ;  and  let  us,  for  greater  aim- 
plidty,  suppose  at  first  that  a  particle  of  air  is  of  the  saane 
weight  at  all  distances  from  the  centre  of  die  earth. 

The  absolute  weight  of  any  one  oi  these  strata  wSloa 
these  cooditions  be  proportional  to  the;  number  of  perlick^ 
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or  the  gravity  of  air  oonlained  in  it ;  and  since  the  depth 
of  each  stratum  is  the  same,  this  quantity  of  air  will  evi- 
dently be  as  the  dennty  of  the  stratum :  but  the  density 
of  any  stratum  is  as  the  compressing  force ;  that  is,  as  the 
pressure  of  the  strata  above  it ;  that  is,  as  their  wdght ; 
that  is,  as  their  quantity  of  matter-*therefbre  the  quantity 
of  air  in  each  stratum  is  proportional  to  the  quantity  of  air 
above  it ;  but  the  quantity  in  each  stratum  is  the  difier- 
enoe  between  the  column  incumbent  on  its  bottom  and  on 
its  top:  these  differences  are  therefore  proportional  to  the 
quantities  of  which  they  are  the  differences.  -But  when 
there  is  a  series  of  quantities  which  are  proportional  to 
their  own  differences,  both  the  quantities  and  their  differ- 
ences are  in  continual  or  geometrical  progresnon :  for  let 
a,  6,  c,  be  three  such  quantities  that 

b:         c=za^b  :  6— c,  then,  by  altem. 

biU'^bssszc  :   b-^c  and  by  compos. 

6:  a^=c  b 

and  a :  6  =  6       :       c 

therefore  the  densities  of  these  strata  decrease  in  a  geome- 
trical progression ;  that  is,  when  the  elevations  above  tiie 
centre  or  surface  of  the  earth  increase,  or. their  depths 
under  the  top  of  the  atmosphere  decrease,  in  an  arithme- 
tical progression,  the  densities  decrease  in  a  geometrical 
progression. 

Let  A  R  Q  (Fig.  7S.)  represent  the  section  of  the  earth 
by  a  plane  through  its  centre  O,  and  let  m  O  A  M  be  a 
vertical  line,  and  A  £  perpendicular  to  O  A  will  be  a  ho- 
rizontal  line  through  A,  a  point  on  the  earth^s  surface. 
Let  A  £  be  taken  to  represent  the  density  of  the  air  at  A ; 
and  let  D  H,  parallel  to  A  £,  be  taken  to  A  £  as  the  den- 
sity at  D  is  to  the  density  at  A :  it  is  evident,  that  if  a  lo- 
^stic  or  logarithmic  curve  £  H  N  be  drawn,  having  A  N 
for  its  axis,  and  pasung  tlirough  the  points  £  and  H,  the 
density  of  the  air  at  any  oUier  point  C,  in  this  vertical  line, 
will  be  represented  by  C  G,  the  ordinate  to  the  curve  in 


tiDH  ▲  B,  A  C»  A  Dr  of  its  axk  ba  liken  Id  iridnM^ 

gttiBittfkat  piogi!Wiicn> 
ItiB  aiKidbtr  fiuidbowtat  profMrty  i«r  t^ 

SKorHStoudi  the  cttTfa  i*  £ ^  Hki  Ito  mAtiBgeai 

AK  Of  D  3  it  *  eoattaft  quitilf. 

AmI  *  thM  f iwdanentftl  pnpet^ 
CBrtnded«NaMA£N»tqiMM»  Ike  Mfltangh  KAEL 
oftlMcvdiiiflte.aiidsiiblflageiit^  mn^  'm^kemmmaB,  tte 
W«  MDHN  ii  «qual  to  SDxl^H,  er  foKAxDH; 
MMqiieDtly  the  aie*  lyiagbcyoadlwy  or&ite  is  pi«ip«u 
iMMMi  to  Uiat  crdiufitb 

'  These  g«ametriftal  jwpertks  of  4hki  eur^ 
gofu  to  the  chief  ciieumstaiioeB  in  Ibe  eopstfettlioii  of  the 
atmosphere,  on  the  suppontioo  of  equal  gravity.  The 
aiea  MC6N  zepvesents  the  wbole  quanti^  tf  aeiedl  mat- 
ter which  is  above  C :  for  CG  b  the  density  at  C,  and  CD 
is  the  thickness  of  the  stratum  faetireeri  C  and  D;  and 
therefore  C6HD  will  be  as  the  quantity  of  matter  or  air 
in  it ;  and  in  like  manner  of  all  the  others,  and  of  their 

• 

sums,  or  the  wbcde  area  MCGN :  and  as  each  ordinate  is 
proportional  to  the  area  above  it,  so  each  density,  atid  the 
quantity  of  air  in  each  stratum,  is  proportional  to  the  quan- 
tity of  air  above  it :  and  as  the  whole  area  M A£N  is  equal 
to  the  rectangle  EAEL,  so  the  whole  air  of  variable  den- 
ttty  above  A  might  be  contained  in  a  column  EA,  if,  in- 
stead of  being  compressed  by  its  own  weight,  it  were  with- 
out waght,  and  compressed  by  an  external  force  equal  to 
the  pressure  of  the  air  at  the  surface  of  the  earth.  In  this 
case,  it  would  be  of  the  uniform  density  AE,  which  it  has 
at  the  surface  of  the  earth,  making  what  we  have  repeat- 
edly called  the  homogeneous  atmosphere. 

Hence  we  derive  this  important  circumstance,  that*  the 
height  of  the  homogeneous  atmosphere  is  the  subtangent 
of  that  curve  whose  ordinates  are  as  the  denaties  of  the 


mr  ttt  dilbfeAt  heights,  <m  th6  siipfKlehidtt  «i^  mfOeX  gmvky. 
This  curve  may  with  propriety  be  cified  the  AmosPWS'j' 
KiCAL  LOaARiTHicic :  and  as  the  diflbreM  )dgairitbnitcs(  «Hf 
all  characterized  by  thw  subtangeiitdy  it  )s  df  importatioe' 
to  determine  this  ode. 

It  may  be  done  by  oompaMg  th^  dettdties  cif  mtfewy 
and  air.  For  a  eoiumti  of  air  ^f  uniforaa  density,  t^aeh-* 
ing  to  the  top  of  the  homogeacous  sCttfdsphere,  it  io  eq^ 
librio  with  the  mereuiy  ki  Ibe  htt^enietet*.  Now  it  is  toaoA 
by  the  best  experiments,  that  when  mercury  and  air  are  6t 
the  temperature  S^  of  Fahrenheit's  thermonieter,  and  the ' 
barometer  stands  at  30  inches,  the  mercury  is  nearly  10440 
times  denser  than  air.  Therefore  the  height  of  the  homo- 
geneous atmosphere  is  10440  times  SO  inches,  itr  MlOO 
feet,  or  8700  yards,  or  4860  fathoms,  ot  five  lltileB  WantiBg 
100  yards. 

Or  it  may  be  found  by  observations  on  the  barometer. 
It  is  found,  that  when  the  mercury  and  air  are  of  the 
above  temperature,  WEid  the  barometer  cft  the  sea-idiev0 
stands  at  30  inches,  if  we  carry  it  to  a  place  884  feet 
higher  it  will  fall  to  S9  indies.  Now,  in  aU  logarithmic 
curves  having  equal  ordinates,  the  portions  of  the  axis  in- 
tercepted between  the  corresponding  pairs  of  ordinates  are 
proportional  to  the  subtangents.  And  the  subtaAgents  of 
the  curve  belonging  to  our  eominon  tables  is  0,4348945, 
and  the  difference  of  the  logarithms  of  80  and  90  (whidi 
is  the  portion  of  the  axis  intefeepted  between  the  ordinates 
SO  and  99),  or  0,0147833,  is  to  0,4843945  as  883  is  to 
26058  feet,  or  8686  yards,  or  4843  fathoms,  or  5  miles 
wantmg  114  yards.  This  determination  is  14  yards  less 
than  the  other,  and  it  is  uncertain  which  is  the  most  ex- 
act It  is  extremely  diiBcnh:  to  measCfre  the  v^esipecrttVtf 
densities  of  mercury  and  air ;  and  in  measuring  !9i«  elefa- 
tion  which  produces  a  fell  of  oiie  inch  in  llie  baifcm^Mr,  m 
error  of  ^^^  of  an  inch  would  produce  all  Ae  difierenca 
We.prefer  the  last,  as  depoiding  on  fewer  eircumstances. 


equal  gtmty,  -wbanm  we  km 

tide  of  air  decrcaMs  m  Uw  mp 

aeotre  of  tfae  earth  tiwnaaea. 

■npericn-  stnttum  may  pvoduo 

mrface  of  the  earth,  it  muaC  bi 

flfitgrantateikat.    The  dctti 

vationa,  muit  be  greater  thaa 

gravity,  and  the  lav  of  dimmui 

ferent 

«  Make        OD :  O  A 

OC:OA 

OB:OA 

■o  that  O  (^  O  c,  O  i.  OA,  maj 

OB,  OA ;  and  through  the  p 

perpeodiculan  AE,  bji  eg^  d  b 

al  to  the  dennties  in  A,  B,  C,  I 

to  be  exceedingly  small,  bo  th« 

posed  unifonn  through  the  who. 

0DxOd  =  0A*,= 

and    Oc:Od  =  OD:C 

and    OciOc  —  Od  = 

or     Oc:  cd  =  OD:I 

and     cd:CD  =  Oc.C 

or,  because  OC  and  OD  are  ultin 

lity,  we  have 

cd:CD  =  Oc:OC  = 

OA" 
and  cd  =  CD  x  t^t^,  oaAcd 

OA* 

but  CD  X  eg-  X  g^  is  as  the 

the  absolute  w^ht  of  the  strat 
is  as  the  bulk,  as  the  denuty, 
eadi  particle  jointly.    Now  CD  < 

OA'' 

denaty,  and  tt^  the  gravitatbi 


five,  edxeg  iM  BB  the  pressiiie  on  C  arinng  from  the 
weight  of  the  stratum  DC ;  but  edycg  is  evidentlj  the 
dement  of  the  curvilineai  area  AmnE,  formed  t^  the 
curve  l&jTg  h  n  and  the  ordinates  A£,  bj]  c  ^,  a  A,  Sec  nt  n. 
Therefore  the  sum  of  all  the  elements,  such  as  cdhg^  that 
is»  the  area  c  fit  n^  below  cg^  will  be  as  the  wAofe  pres- 
sure on  C^  arinng  from  the  gravitation  of  all  the  air  above 
it ;  but,  faj  the  nature  €£  air,  this  whole -pressure  is  as  the 
denflity  which  it  produces,  that  is,  as  c^.  Therefore  the 
curve  IStgn  is  of  such  a  nature  that  the  area  lying  bdow 
or  beyond  any  ordinate  c  g  is  proportional  to  that  ordinate. 
This  is  the  property  of  the  logarithmic  curve,  and  £^n 
is  a  logarithmic  curve. 

.  But  farther,  this  curve  is  the  same  with  E6N.  For  let 
B  oontinuaUy  approach  to  A,  and  ultimately  coindde 
with  it  It  is  evident  that  the  ultimate  ratio  of  B A  to  Ai, 
and  of  BF  to  &;;  is  that  of  equality ;  and  if  £FK,  £/iir, 
be  drawn,  they  will  contain  equal  angles  with  the  ordinate 
AE,  and  will  cut  o£P  equal  subtangents  AK,  A  k.  The 
curves  E6N,  E^n  are  therefore  the  same,  but  in  oppo- 
site positions. 

Lastly,  if  O A,  O  6,  O  c,  O  c{,  &c.  be  taken  in  arithme- 
tical progression  decreasing,  their  reciprocals  OA,  OB,  OC, 
OD,  &c.  will  be  in  harmonical  progression  increasing,  as 
is  well  known :  but,  from  the  nature  of  the  logarithmic 
curve,  when  OA,  06,  O  c,  O  d,  &c  are  in  arithmetical 
progression,  the  ordinates  AE,  bj\  cgydhj  &c.  are  in  geo- 
metrical progression.  Therefore  when  OA,  OB,  OC, 
OD,  &c.  are  in  harmonical  progression,  the  densities  of  the 
air  at  A,  B,  C,  D,  &c.  are  in  geometrical  progression ; 
and  thus  may  the  denuty  of  the  air  at  all  elevations  be  dio- 
covered.  Thus  to  find  the  density  of  the  air  at  K  the  top 
of  the  homogeneous  atmosphere,  make  OK :  OA  =  OA : 
OL,  and  draw  the  ordinate  LT,  LT  is  the  density  at  EL 
The  celebrated  Dr  Halley  was  the  first  who  observed 
the  relation  betwe^i  thedensity  of  the  air  and  theonlinates 
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ef  thtf  hgaiithmic curve,  or  coniniott- kgarith— >.   TIuiIk 
djd  ml  die  Mippontkm  of  equal  gntritj  ;  «kl  Uidimfcrf 
» ackio'irledged  by  Sir  Isaac Newtoft,  in  Ftimcif.'i.frop. 
9St.$di6L    HsUe/s  dbierUitioil  on  tim  sidgecftii'nNo 
185.  of  the  PhU.  Trans.   Newton,  with  fab  uiiial  itgnilf, 
esteaded  the  sanie  relatioa  to  the  troe  stataafthcflH^ 
where  gravity  k  as  the  fqnare  of  the  ifarancw  mmij\ 
and  showed  that  when  the  dKstancw  ftoiti  the  earth^soDln 
ara  in  harmonic  ptugressioDy  the  densttiea  are  in  gsuMte 
pragtessbiL    He  shows  indeed,  in  genaral,  what  jnpB' 
.  non  of  the  distance,  on  any  suppoiitioo  of  gravi^,  viil 
produce  a  geometrical  progresaon  of  the  densitiayttato 
obtmn  a  set  of  lines  OA,  O  fr,  O  r,  Od,  ftre.  which  viU  be 
logarithms  of  the  denrities.    The  subject  was  aftsnnris 
treated  in  a  more  familiar  manner  by  Cotea  in  tmByind, 
Leet.  and  in  his  Harmotha  Miusufarum  /  also  by  Jk 
Brooke  Taylor,  Meth.  hwnfnerU  ;  Wolf  in  his  AermutnM; 
Herman  in  his  Phoronomia ;  &c.  &c.  and  lately  byHon- 
ley,  Phil.  Trans,  torn.  Ixiv. 

We  have  shown  how  to  determine  i  priori  the  deoshj 
of  the  air  at  different  elevations  above  the  surfiKeoftbe 
earth.  But  the  densities  may  be  discovered  in  all  scoes- 
siUe  elevations  by  experiments;  namely,  by  obsernng 
the  heights  of  the  mercury  in  the  barometer.  This  is  s 
direct  measure  of  the  pressure  of  the  incumbent  atno- 
q)here ;  and  this  is  proportional  to  the  density  wUdi  it 
produces. 

Therefore,  by  means  of  the  relation  subeiating  between 
the  densities  and  the  elevations,  we  can  discover  the  eleva- 
tions by  observations  made  on  the  densttiea  by  means  of 
the  barometer ;  and  thus  we  may  measure  elevatioDs  hj 
means  of  the  barcmeter;  and,  with  ytry  litde  trraUey 
take  the  level  of  any  extensive  tract  of  oountiy.  Of  thiy 
we  have  an  illustrious  example  in  the  section  which  the 
Abb^  Chappe  D'Anteroche  has  given  of  the  wbrie  ooud- 
^       try  between  Brest  and  Ekaterinenbuigh  m  Sttieria.    Tliii 


10  a  Mil^ect  wbiehdoicrfm  a  minute  ^ontideriyuoo  uw9  Aall 
therefore  present  it  under  a  very  aimple  and  faaiiliar  fgnn; 
and  trace  the  method  through  its  various  eteps  of  improve- 
ment by  De  Luc,  Roy,  Shuddburgh,  &c. 

We  have  already  observed  oftener  than  once,  that  if  the 
mercury  in  the  barometer  stands  at  SO  inches,  and  if  the 
air  and  mercury  be  of  the  temperature  S^  in  Fahrenheit s 
tbermometer^  a  column  of  air  87  feet  thick  has  the  same 
weight  with  a  column  of  mercury  ^^  of  an  inch  thick. 
Therefore,  if  we  carry  the  barometer  to  a  higher  place,  so 
that  the  mercury  mnks  to  89.09  we  have  ascended  87  feet. 
Now,  suppose  we  carry  it  still  higher,  and  that  the  mer- 
cury stands  at  89*8 ;  it  is  required  to  know  what  height 
we  have  now  got  to  P  We  have  evidently  ascended  through 
another  stratum  of  equal  weight  with  the  Iprmer :  but  it 
must  be  of  greater  thickness,  because  the  air  in  it  is  rarcTf 
being  less  compressed.  We  may  call  the  density  of  the 
first  stratum  300,  measuring  the  density  by  th^  number 
of  tentha  of  an  inch  of  mercury  which  its  elasticity  propoT'- 
tional  to  its  density  enables  it  to  SMpport.  For  the  same 
reason,  the  density  of  the  second  stratum  must  he  S99 : 
but  when  the  weights  are  equal,  the  bulks  are  inversely  as 
the  densities ;  and  when  the  bases  .of  the  strata  are  equal, 
the  bulks  are  as  the  thicknesses.  Therefore,  to  obtain  the 
thickness  of  this  second  stratum,  say  299:300  =  87:87,29; 
and  this  fourth  term  is  tha  thickness  of  the  second  stratum, 
and  we  have  ascended  in  all  174,29  feet.  In  like  manner 
we  may  rise  till  the  berometer  shows  the  density  to  be  298: 
then  say,  896 :  30  ==  87 :  87,^84  for  the  thickness  of  the 
third  stratum,  and  261,875  or  261 2  for  the  whole  ascent ; 
and  we  may  proceed  in  the  same  way  for  any  number  of 
mercurial  heights,  and  make  a  table  of  the  correqponcKng 
elements  as  followe :  where  the  first  column  is  the  height 
of  the  mercury  in  the  barometer,  the  second  column  is  the 
thickness  of  the  stratum,  or  the  elevation  above  the  pee- 

7 


tion  above  the  first  statioD.'    '      '  ii  - 

Bar.  Stnt  Kbr. 

30  00,000   •        mjom 

89,9  87,000  87,000 

29,8  87,891  ITMN 

59.7  87,584  Ml,875 
89,6  87,879  849,764 
89,5  88,176  437,990 
29,4  88,475  SS6»405 
89,3  88,776  615,181 

89.8  89,079  704^860 
89,1  89,884  798,644 
89  89,691     '         883,385 

Having  done  this,,  we  can  now  meaame  aajdrnte 
within  the  liniits  of  oar  table,  in  this  manner : 

Obeenre  the  barometer  at  the  lower  and  at  the  npperili- 
tions,  and  write  down  the  corresponding  elevadoiML  Sub- 
tract the  one  from  the  other,  and  the  remaindcf  Bthe 
height  required.  Thus  suppose  that  at  the  loweritatioii 
the  mercurial  height  was  29,8^  and  that  at  the  upper  sto- 
tion  it  was  29,1. 

89,1  793,641 

29,8  174,891 


619,853  =  Elevation. 
We  may  do  the  same  thing  with  toleiBMe  aoconcf 
without  the  table,  by  taking  the  medium  m  c^the  mem- 
rial  heights,  and  their  differencedin  tenths  of  an  indi; 
and  then  say,  as  m  to  300,  so  is  S7d  to  the  height  required 

,        ,_300x87d     861  OOd      ^.         •     ♦!.     r       • 
a:orA  =  - = Thus,   m  the  fbrq^ouig 


example,  m  is  894,5,  and  d  is  =  7;  and  therefixeA^ 
~aai  K    "^  620,4,  differing  only  One  foot  from  the  fonaer 

«W7X,0 

value. 
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Either  of  these  methods  is  sufficientlj  accurate  for  most 
purposes,  and  even  in  very  great  elevations  will  not  pro- 
duce any  error  of  consequence :  the  whole  error  of  the  ele- 
vation 883  feet  4  inches,  which  is  die  extent  of  the  above 
table,  is  only  f  of  an  inch. 

But  we  need  not  confine  ourselves  to  methods  of  ap- 
proximation, when  we  have  an  accurate  and  scientific  me- 
thod that  is  equally  easy.  We  have  seen  that,  upon  the 
supposition  of  equal  gravity,  the  densities  of  the  ur  are  as 
the  ordinates  of  a  logarithmic  curve,  having  the  line  of  ele- 
vations for  its  axis.  We  have  also  seen  that,  in  the  true 
theory  of  gravity,  if  the  distances  from  the  centre  of  the 
earth  increase  in  a  harmonic  progression,  the  logarithm  of 
the  densities  will  decrease  in  an  arithmetical  progresaon ; 
but  if  the  greatest  elevation  above  the  surface  be  but  a  few 
miles,  this  harmonic  progression  will  hardly  difier  from  an 
arithmetical  one.  Thus,  if  A 6,  Ac,  Ad,  are  1,  2,  and 
'3  miles,  we  shall  find  that  the  corresponding  elevations  AB, 
AC,  AD  are  sensibly  in  arithmetical  progression  also :  for 
the  earth's  radius  AC  is  nearly  4000  miles.     Hence  it 

plainly  follows,  that  BC- AB  is  4^^^^^^^  or  j^jg^jgOO 

1 
of  a  mile,  or  -^ttt  of  an  inch  ;  a  quantity  quite  insignifi- 
cant. We  may  therefore  afiirm  without  hesitation,  that  in 
all  accessible  places,  the  elevations  increase  in  an  arithme- 
tical progression,  while  the  densities  decrease  in  a  geome- 
trical progression.  Therefore  the  ordinates  are  propor- 
tional to  the  numbers  which  are  taken  to  measure  the  den- 
sities, and  the  portions  of  the  axis  are  proportional  to  the 
logarithms  of  these  numbers.  It  follows  therefore,  that  we 
may  take  such  a  scale  for  measuring  the  densities  that  the 
logarithms  of  the  numbers  of  this  scale  shall  be  the  very 
portions  of  the  axis ;  that  is,  of  the  vertical  line  in  feet, 
yards,  fathoms,  or  what  measure  we  please :  and  we  may. 


on  the  otber  hand,  choose  wadtk  m  nsle  &r  newniBgov 
^leyatiaDS)  that  the  logaritluns  of  our  acale  of  dnatiei  iImB 
be  parts  of  this  scale  of  eievatioflaa ;  and  we  m^inddtlMr 
of  tJi^ae  scales  scientificaUy.     For  k  iaa  knovapoperty 
of  the  logarithmic  curves,  that  wkea  the  cxdiastttuethe 
same,  the  intercepted  portions  of  the  ahflrissg  sit  prapor- 
tiooal  to  their  subtangents.     Nov  we  know  the  sobtaDfOt 
of  the  atmospherical  logarithsiic:  it  ia  the  height  of  die  hi^ 
mogeneous  atmosphere  in  any  measure  we  pleaie^  "VP"^ 
filthoips :  we  find  this  height  by  eomparing  the  gzivitia  d 
air  and  mercury » when  both  are  of  aome  detennioeddena- 
ty.    Thus,  in  the  temperature  of  9S9  of  FafarsDhat'ft  dieB. 
mometer,  when  the  barometer  stands  at  90  indws  it  ii 
known  (by  many  experiments)  that  mercury  is  10423,Q6B 
times  heavier  than  air  ;  therefore  the  iieigfat  of  the  bshnO' 
ing  column  of  homogeneous  air  will  be  ]O4SS|068ti]Bei 
30  inches,  that  is,  4S42,94£  English  fathoms.    Again,  it 
is  known  that  the  subtangent  c^  our  common  logsntbnac 
tables*  where  1  is  the  logarithm  of  the  numbs  10,  b 
0,4s342945.     Therefore  the  number  0,4342945  is  to  tbe 
difference    D  of  the   logarithms   of  any   two  bsrometric 
heights  as  4342,945  fathoms  are  to  the  &thoms  F  cootain- 
ed  in  the  portion  of  the  axis  of  the  atmospherical  \q^- 
ithmic,  v/hich  is  intercepted  between  the  ordinates  equal  to 
these  barometrical  heights;    or   that  0,434S945  :  D^ 
4342,945 :  F,  and  0,434S,945  :  4342,945  =; D  :  F;  but 
0,4342945  is  the  ten-thousandth  part  of  4342,943,  ao^ 
therefore  D  is  the  ten-thousandth  part  of  F. 

And  thus  it  happens,  by  mere  chance,  that  the  logaritfafls 
of  the  densities,  measured  by  the  inches  of  naerouy  wtndi 
their  elasticity  supports  in  the  hsrometer,  are  just  the  teih 
thousandth  part  of  the  fathoms  coniajoed  in  the  ooirespood- 
ing  portions  of  the  axis  of  the  atmospheiical  logan^hBiC' 
Therefore,  if  we  multiply  our  oommon  logarithoa  bf 
10000,  they  will  express  the  fathoms  of  the  w^  of  tbe  at- 
mospherical logarithn)ic ;  nothing  is  more  easily  done.  Our 
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Jbgaritlmu  contain  what  ia  called  the  index  or  characteria- 

tk^  which  18  an  integer  and  a  number  of  decimal  places. 

Let  118  just  remofe  the  mteger.|Jace  four  figuiea  to  the 

ri^t  hand :  thus  the  logarithm  of  60  is  1.7781518,  whidi 

7781513 
is  one  int^^er  and  ^ooqooOQ'     Multiply  this  by  10,000, 

and  we  obtam  ^  17781,518,  or  17781  ^. 

The  pmetical  q^plication  of  all  this  reasoning  is  obvious 
and  easy :  observe  the  heights  of  the  mercury  in  the  baro- 
meter at  the  upper  and  lower  stations  in  inches  and  ded- 
mals ;  take  the  logarithms  of  these,  and  subtract  the  one 
from  the  other:  the  difference  between  them  (accounting 
the  four  first  decimal  figures  as  integers)  is  the  difference 
<^  elevation  of  fathoms. 


Ewainpk. 

Merc  Hdght  at  the  bw^  station  29,8      ,-       1.474S16S 

upper  station  S9,l      .  -      1.4638990 


iff.  of  Log.  X 10000         -         '         •         O.010S,S33 

233 

or  108  fathoms  and  r^r^  of  a  fathom,  which  is  619,892 

feet,  or  619  feet  4f  inches ;  differing  from  the  approximat- 
ed value  formerly  found  about  i  an  inch. 

Such  is  the  general  nature  of  the  barometric  measure- 
ment of  heights  first  suggested  by  Dr  Halley ;  and  it  has 
been  verified  by  numberless  comparisons  of  the  heights  cal- 
culated in  this  way  with  the  same  height  measured  geome- 
trically. It  was  indeed  in  this  way  that  the  precise  qpe- 
dfic  gravity  of  air  and  mercury  was  most  accurately  de. 
termined,  namely,  by  observing,  that  whai  the  tempera^ 
ture  of  ur  and  mercury  was  32,  the  diffeitoee  of  the  loga- 
rithms of  the  mercurial  hdghts  were  predsdy  the  fathoms 
of  elevation.    But  it  requires  many  oorreetiona  to  adjust 
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dj^jneCbod  Co  the cignrtimraiw  of  jOie  aM>|  «ik1  it  wis 
tiiM  HKf  Irit%  diaf  it  iiafl  beta  lo  fiur  idgiMtad  to  theai 
m'to  beoooie' lueful.  We  an  duffly  bdebted  to  M.  de 
cue  fiir  the  iniiBivcmaifiu  The  jgmt.dmrtioiis  in  Swit- 
seriand^eiiabled  hiqi  tp  make  on  imsieiiBe  number  of  obser- 
^^MPOfl,  in  jdmbA  evJBffy  variety  of  chcmnfitiiiicni.  fer  Georgd 
Siuckbiirgh  abo  made  a  great  niuqber  irith  mc»t,accur^ 
instrumenta  in  mucb  greatar  eleyationfl^  in  tbe  tame  ooun^ 
tij ;  and  ^  niide  many  chamber  eiqperinM^ 
iii^  the  lawa  of  variation  in  the  subordinate  dgcumstanocs. 
Qqieral  Boy  alao  made  jnany  to  the  game  piirpoie,  Andto 
l^iie  two  gentlemen  we  are  c^&efly  obliged  ftr  the  ooffreo- 
t^Onia  whidi  are  now.  generally  ad<q[yted. 

It  is  easy  to  perodive,  that,  the  method*  ,aa  abeady  ex- 
piesfledy  cannot  apply  to  every  case :  it  depends  on^the  spe- 
cific gravity  of  ur  and  m&rcurj,  combined  with  the  suppo- 
silion  that  this  is  affected  m^  Ijf  a  change  rfpreMiure. 
But  mnce  all  ^;Kidie8  are  expanded  by  heat,  and  as  th»e  is 
no  ;»ason  to  suppose  that  they  are  eqnaUy  expanded  by  it, 
it  followB  that  a  change  pf  temperature  will  change  the  re- 
lative gravity  of  mercury  and  air,  even  although  both  suf- 
fer the  same  change  of  temperature :  and  since  the  air  may  be 
warmed  or  cooled  when  the  mercury  is  not,  or  may  change 
its  temperature  independent  of  it,  we  may  expect  still  great- 
er variations  of  specific  gravity. 

The  general  effect  of  an  augmentation  of  the  specific  gra- 
vity of  the  mercury  must  be  to  increase  the  subtangent  of 
the  atmospherical  logarithmic ;  in  which  case  the  logarithms 
of  the  densities,  as  measured  by  inches  of  mercury,  will  ex- 
press measures  that  are  greater  than  fathoms  in  the  same 
proportion  that  the  subtangent  is  increased ;  or,  when  the 
air  is  more  expanded  than  the  mercury,,  it  will  re^re  a 
greater  height  of  homogeneous  atmosphere  to  balance  SO 
inches  of  mercury,  and  a  given  fall  of  mercury  will  then 
conespond  to  a  thicker  stratum  of  air. 

tn  order,  tbcrofore,  to  perfect  this  method,  we  must  learn 
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by  experiment  bow  much  mercury  expands  by  an  increase 
of  temperature;  we  must  also  learn  bow  much  the  air  ex- 
pands by  the  same,  or  any  change  of  temperature ;  and 
bow  much  its  elasticity  is  affected  by  it.  Both  these  circum- 
stances  must  be  considered  in  the  case  of  air ;  for  it  might 
happen  that  the  elasticity  of  the  air  is  not  so  much  affected 
by  heat  as  its  bulk  is. 

It  will,  therefore,  be  proper  to  state  in  this  place  the  ex- 
periments which  have  been  made  for  ascertaining  these  two 
expansbns. 

The  most  accurate,  and  the  best  adapted  experiments  toft 
ascertaining  the  expansion  of  mercury,  are  those  of  Creneral 
Roy,  published  in  the  67th  volume  of  the  Philosophical 
Transactions.  He  exposed  80  inches  of  mercury,  actually 
supported  by  the  atmosphere  in  a  barometer,  in  a  mcc  ap- 
paratus,  by  which  it  could  be  made  of  one  uniform  tempe- 
rature through  its  whole  length ;  and  he  noted  the  expan- 
sion of  it  in  decimals  of  an  inch.  These  are  contained  in 
the  following  table ;  where  the  first  column  expresses  the 
temperature  by  Fahrenhcit'*s  thermometer,  the  second  co- 
lumn expresses  the  bulk  of  the  mercury,  and  the  third  co- 
lumn the  expanuon  of  an  inch  of  mercury  for  an  increase 
of  one  degree  in  the  adjoining  temperatures. 


Table  A. 


femp. 

BuJk  of 
Mercury. 

Bzpui.  for  1^ 

Temp. 

Bulk  of 
Mercury. 

Ezpan.  for  l^ 

2120 

30,6117 

0,0000763 

lOio 

30,2223 

0.0001003 

20i 

30,4888 

0,0000787 

92 

30,1922 

0,0001023 

192 

30,4652 

0,0000810 

82 

30,1615 

0,0001043 

189 

30,4409 

0,0000833 

72 

30,1302 

0,0001063 

172 

30,4159 

0,0000857 

69 

30,0984 

0,0001077 

162 

30,3902 

0,0000880 

52 

30,0661 

0,0001093 

152 

30^638 

0,0000903 

42 

30,0333 

0,0001110 

142 

30,3367 

0,0000923 

32 

30,0000 

0,0001127 

132 

30,3090 

0,0000943 

22 

29,9662 

0,0001 143 

122 

30.2807 

0,0000963 

12 

29,9319 

0,0001160 

112 

30,2518 

0,0000983 

2 

29,8971 

0,0001177 

0 

29,8901 
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Tiui  taUe  gives  rise  to  some  reflectiom.    The  wok  rf 
the  tbennometer  is  ooastructed  on  the  suppositicA  thit  tk 
suGcessiYe  degrees  of  beat  are  measured  bj  e^  'mat' 
mentsofbulk  in  the  mercury  of  the  thamometar.  Hov 
eoines  it,  therefore,  that  this  is  not  aooompaiiied  bv  a|Dil 
increments  of  bulk  in  the  mercury  of  the  column,  but  tht 
the  oorrespondmg  expanaons  of  this  column  do  oonbrndf 
dimiiush  ?  General  Roy  attributes  this  to  the  grsduil  d^ 
tacbment  of  elastic  matter  from  the  mercury  by  best,  wU 
presses  on  the  top  of  the  column,  and  therefore  sfaortosit. 
He  applied  a  boiling  heat  to  the  vacuum  aMfpf^nAoai 
pioducbg  any  farther  depresuon ;  a  proof  that  the  bno- 
meter  had  been  carefully  filled.     It  had  indeed  beenboiBd 
through  its  whole  length.     He  had  attempted  to  memre 
the  mercurial  expansion  in  the  usual  way,  by  filling  30  ischa 
of  the  tube  with  bculed  mercury,  and  exposing  it  to  tk 
heat  with  the  open  end  uppermost.     But  here  it  is  efi* 
dent  that  the  expansion  of  the  tube,  and  its  solid  coateoti» 
must  be  taken  into  the  account.     The  cxpansioD  of  the 
tube  was  found  so  exceedingly  irregular,  and  so  incipiUe 
of  being  determined  with  precision  for   the  tubes  wbidi 
were  to  be  employed,  that  he  was  obliged  to  have  recourse 
to  the  method  with  the  real  barometer.     In  this  no  regurd 
was  necessary  to  any  circumstance  but  the  perpeDdiculir 
height.     There  was,  besides,  a  propriety  in  examining  tlic 
mercury  in  the  very  condition  in  which   it  was  used  for 
measuring  the  pressure  of  the  atmosphere ;    because  whit- 
ever  complication  there  was  in  the  results,  it  was  the  stfoe 
in  the  barometer  in  actual  use. 

The  most  obvious  manner  of  applying  these  experimeDts 
on  the  expansion  of  mercury  to  our  purpose,  is  to  reduce 
the  observed  height  of  the  mercury  to  what  it  would  hare 
been  if  it  were  of  the  temperature  i^  Thus,  suTmose  thit 
the  observed  mercurial  height  is  29,2,  and  that  the  tenpeis- 
ture  of  the  mercury  is  72^  make  SO,  1303 :  30=  29,8:  Sft 
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0736.  Tbis  ir4U  be.the  true  measuie  of  the  dennty  ^  the 
air  of  the  Btanclflfd  temperature.  la  order  that  we  may 
obtaiii  the  exact  temperature  of  the  mercury,  it  is  proper 
that  the  olnenradon  be  made  by  means  of  a  thermometer 
attached  to  the  barometer-frame,  lo  as  to  warm  and  cool 
akmg  inth  it 

Or  this  may  be  done  without  the  help  of  a  table,  and 
^ith  sufficient  accuracy,  from  die  circumstance  that  the 
ezpanaon  of  an  indi  of  mercury  for  one  degree  (fiminisheB 
very  nearly  7^9  part  in  each  suceeding  degree.  Xf,  there- 
fore, we  take  from  the  expansion  at  82"*  its  thousandth  part 
lor  each  degree  of  any  range  above  it,  we  obtfun  a  mean 
rate  of  expansion  for  that  range.  If  the  observed  temper- 
ature of  the  mercury  is  below  88°,  we  must  add  this  eor- 
VBction  to  obtain  the  mean  expansion.  Thb  rule  will  be 
made  more  exact  if  we  suppose  the  expafision  at  89*  to 
be  =s  0,0001187.  Then  multiply  the  observed  mercurial 
bei^t  by  this  expansion,  and. we  obtain  the  oorrec- 
lion,  to  be  subtracted  or  added  according  as  the  temper- 
ature of  the  mercury  was  above'or  below  82^  Thus  to 
abide  by  die  former  example  of  7S°.  This  exceeds  82*  by 
40:  therefore  take  40  from  0,0001127,  and  we  baye 
0,0001087  for  the  medium  e&pansion  for  that  range.  Multi- 
jdy  this  by  40,  and  we  have  the  whole  expansion  of  one  indi 
of  mercury,  =  0,004348.  Multiply  the  inches  of  mercd- 
fiil  he^gKt,  vis.  89)2)  by  this  expansion,  and  we  have  for 
Use  correction  0,12606 ;  whidi  being  subtracted  from  die 
observed  height  leaves  89,07304,  differing  from  the  aoco- 
rate  quantity  less  than  the  thousandth  part  of  an  inch. 
This  rule  is  very  eauly  kept  in  the  memory,  and  super- 
sedes the  use  of  it  taUe. 

"eorrection  may  be  made  with  aU  necessary  cxaeU 
by  a  rule  stiH  more  simple  (  namely,  by  multiplying 
the  observed  height  of  the  mercury  by  the  difference  of  its 
temperature  front  82^,  and  cutting  off  four  ciphers  before 
the  decimals  of  the  mercurial  ho^t     This  will  seldom  err 
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jlo  of  an  inch.  We  even  believe  that  it  is  themoit  ens 
method  within  the  range  of  tempeiatiirea  that  cu  beo* 
pected  to  occur  in  measuring  heights :  for  it  appens,  bj 
comparing  many  experiments  and  obaervatiaDfli  thitGeoenl 
Boy^s  measure  of  the  mercurial  expansion  is  too  gial,  nd 
that  the  expansion  of  an  inch  of  mercury  between  SOP  loi 
70  of  Fahienheit's  thermometer  does  not  exceed  QjOOOiM 
per  degree.  Having  thus  connected  the  observed  wa- 
curial  hdghts  by  reducing  them  to  what  they  would  bne 
been  if  the  mercury  had  been  of  the  standard  tenqpentBR^ 
the  logarithms  of  the  corrected  heights  are  taken,  adtbeit 
difference,  multiplied  by  10000,  will  give  the  diioeiceor 
elevations  in  English  fathoms. 

There  is  another  way  of  iqpplying  this  oorrectiao,  Mj 
more  expeditbus  and  equally  accurate.  The  difinnt 
of  the  logarithms  of  the  mercurial  heights  is  the  measuRof 
the  raUo  of  those  hrights.  In  like  manner  the  diSaeax 
of  tlie  logarithms  of  the  observed  and  corrected  bdgiitsat 
any  station  is  the  measure  of  the  ratio  of  those  heights. 
Therefore  this  last  difference  of  the  logarithms  is  the  mes- 
sure  of  die  correction  of  this  ratio.  Now  the  cbsmei 
height  is  to  the  corrected  height  nearly  as  1  to  1,000101 
The  logarithm  of  this  ratio,  or  the  difference  of  the  lo- 
garithms of  1  and  1,000102,  is  0,0000444.  This  is  the  cor- 
rection for  each  degree  that  the  temperature  of  the  mer- 
cury differs  from  32.  Therefore  multiply  0,0000441  by 
the  difference  of  the  mercurial  temperatures  from  32,  and 
the  products  will  be  the  correcUons  of  the  respective  loga- 
rithms. 

But  there  is  sUll  an  easier  way  of  applying  the  logaiith- 
mic  correction.  If  both  the  mercurial  temperatures  are 
the  some,  the  differences  of  their  logarithms  will  be  the 
same,  although  each  may  be  a  good  deal  above  or  below 
the  standard  temperature,  if  the  expansion  be  very  nearly 
equable.  The  correction  will  be  necessary  only  when  the 
temperatures  at  the  two  stations  are  different,  and  will  be 
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proportional  to  this  diiFerence.  Therefore,  if  the  difference 
of  the  mercurial  temperatures  be  multiplied  by  0,0000444, 
the  product  will  be  the  correction  to  be  made  on  the  dif- 
ference of  the  logarithms  of  the  mercurial  heights. 

But  farther,  since  the  differences  of  the  logarithms  of 
the  mercurial  heights  are  also  the  differences  of  elevation  in 
English  fathoms,  it  follows  that  the  correction  is  also  a 
difference  of  elevation  in  English  fieithoms,  or  that  the  cor- 
rection for  one  degree  of  difference  of  mercurial  tempera- 
ture is  tW^t  ^  ^  fathom,  or  32  inches,  or  2  feet  8  inches. 

This  correction  of  2.8  for  every  d^ee  of  difference  of 
temperature  must  be  subtracted  from  the  elevation  found 
by  the  general  rate,  when  the  mercury  at  the  upper  station 
is  colder  than  that  at  the  lower.  For  when  this  is  the 
case,  the  mercurial  column  at  the  upper  station  will  ap- 
pear too  short,  the  pessure  of  the  atmosphere  too  small, 
and  therefore  the  elevation  in  the  atmosphere  will  appear 
greater  than  it  really  is. 

Therefore  the  rule  for  this  correction  will  be  to  multi- 
ply 0,0000444  by  the  degrees  of  difference  between  the 
mercurial  temperatures  at  the  two  stations,  and  to  add  or 
subtract  the  product  from  the  elevation  found  by  the  gene- 
ral rule,  according  as  the  mercury  at  the  upper  station  is 
hotter  or  colder  than  that  at  the  lower. 

If  the  experiments  of  Greneral  Roy,  on  the  expansion  of 
the  mercury  in  a  real  barometer,  be  thought  most  deserving 
of  attention,  and  the  expansion  be  oonridered  as  variable, 
the  logarithmic  difference  corresponding  to  this  expansion 
for  the  mean  temperature  of  the  two  barometers  may  be 
taken.  These  logarithnnc  diflerences  are  oontiuned  in  table 
B,  which  is  carried  as  far  as  118*,  beyond  which  it  is  not 
probable  that  any  observations  will  be  made.  The  num- 
ber for  each  temperature  is  the  difference  between  the  lo- 
garithms of  30  inches  of  the  temperature  32^  and  of  30 
inches  expanded  by  that  temperature. 


_To^ 

UotOmdiH; 

■ffi.- 

PLlB. 

It!- 
lot 
M 
Bl 

78 

«e 

6» 

42 

sa 
» 

la 

0 

a00004!T 

,4!J 

«.7 

0.0000436 

1.7 

aooooU4 

.444 

<.8 

0.0000453 

.455 

9.9 

0.0000460 

8.9 

0.0OOOMB 

8.10 

aoooo47a 

,«T5 

HO 

00000*82 

2.11 

0.0000480 

,489 

'2.11 

0.0000407 

,4ST 

S.0 

a00005O4 

.404 

3.0 

Kme. 

DW 

^ 

" 

»t 

192 
IT* 
lU 
132 
112 
92 

n 
s» 

32 
18 

20 

so 

20 
«D 
20 
20 
SO 
20 
80 
80 

194,4 

ITf.1 
1«.4 
1S8.0 
116,0 
97.2 
75.fl 
SSJO 
31,4 
U.4 

IM 

m 
«u 

lU 

It  is  aln  neceaaiy  to  Rttend  to  the  tempomture  of  Ihe 
■ir;  and  the  change  that  u  produped  by  heat  in  ita  itatf 
u  of  much  greater  coDsequeDce  than  that  of  the  nemaj. 
The  relative  gravity  of  the  two,  on  which  the  aufatangat 
of  the  logarithmic  curve  depends,  and  coDsequeotlj  tk 
unit  of  our  scale  of  elevations  ib  much  more  affeda)  bj 
the  beat  of  the  air  than  by  the  heat  of  the  mercury. 

This  adjustment  is  of  incomparably  greater  difficult 
than  the  ftn-mer,  and  we  can  hardly  hope  to  make  it  per- 
fect. We  shall  narrate  the  chief  experiments  which  ba,n 
been  made  on  the  expansion  of  air,  and  deduce  from  iIkbi 
such  rules  as  appear  to  be  necessary  consequences  of  them, 
and  then  notice  the  drcumstances  which  leave  the  niatUT 
still  imperfect. 

General  Roy  compared  a  mercurial  and  an  air  thems- 
meter,  each  of  which  waa  graduated  arithmetically,  that  is 
the  units  of  the  scales  were  equal  bulks  of  mercury,  and 
equal  bulks  (perhaps  difierent  from  the  former)  of  air. 
He  found  their  [wogreas  as  in  table  C. 

It  has  been  established  by  many  experiments  that  equil 
increments  of  heat  prodifce  equal  incroneata  in  the  bnlk  of 
mercury.  The  differences  uf  tempoature  are  tliei«fore  ex- 
fvemed  by  the  second  column,  and  niay  be  cotwderFd  w 
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equal;  and  the  niunben  of  the  third  colttiiiii>inu8t  be  al- 
lowed to  express  tliie  same  tempecaturea  with  those  of  the 
£r8t  They  direoOy  express  the  bulks  of  the  aic,  and  the 
nambers  of  the  fourth  column  eiqpress  the  differences  of 
these  bulks.  These  are  evidently  unequal,  and  show  that 
pommon  air  expitods  most  of  all  when  of  the  temperature 
6S  nearly. 

The  next  point  was  to  determine  what  was  the  achud  in- 
crease of  bulk  by  some  known  increase  of  heat  For  this 
purpose  he  took  a  tube,  having  a  narrow  bore,  and  a  ball 
at  one  end.  He  measured  with  great  care  the  capacity  of 
both  the  ball  and  the  tube,  and  divided  the  tub^into  equal 
spaces  which  bore  a  determined  proportion  to  the  capacity 
of  the  ball.  This  apparatus  was  set  in  a  long  cylinder 
filled  with  iHgorific  mixtures^  or  with  water,  which  could  be 
uniformly  heated  up  to  the  boiling  temperature,  and  was 
accompanied  by  a  luce  thermometer.  The  expansion  of 
the  air  was  measured  by  means  of  a  column  of  mercury, 
which  rose  or  sunk  in  the  tube.  The  tube  being  of  a  small 
bore,  the  mercury  did  not  drop  out  of  it ;  and  the  bore 
being  chosen  as  equable  as  possible,  this  column  remuned  of 
an  unifcxrm  length,  whatever  part  of  the  tube  it  chanced  to 
occupy,  fiy  this  contrivance  he  was  able  to  examine  the 
expansibility  of  air  of  various  denotes.  When  the  column 
of  mercury  contained  only  a  single  drop  or  two,  the  air  was 
nearly  of  the  density  of  the  external  lur.  If  he  wished  to 
examine  the  expansion  of  m  twice  or  thrice  as  dense,  he 
used  a  column  of  SO  or  60  inches  k>ng :  and  to  examine 
the  expansion  of  fdr  that  is  rarer  than  the  external  lur,  he 
placed  the  tube  with  the  ball  uppermost^  the  open  end 
coming  through  a  hole  in  the  bottom  of  the  vessel  con- 
tiuning  the  mixtures  or  water.  By  thb  position  the  co- 
lumn of  mercury  was  hanging  in  the  tube,  supported  by 
the  pressure  of  the  atmosphere ;  and  the  elasticity  of  the 
included  air  waa  measured  by  the  difference*  between  the 
suspended  column  and  the  common  barometer. 
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Air 

■ 

aniaaofe- 

**55ir 

88,95 

80,07 
89,46 
89,90 
89,96 
89,90 
89,95 
80,07 
89,46 

Mean 

81,58 
80,77 
89,90 

ao^Ts 

80,98 
80,55 
80,80 
80,60 
30,00 

48SM 
468,10 
480,74 
4B5M 
469,45 
478,04 
487,55 
468,80 
489,47 

8,8885 
8,8741 
8,8878 

8,8aie 

^^ 

flOOO 
8,8774 
8,8087 

30,68 

484,21 

8,2840 

Hence  it  appears,  that  the  mean  expan^on  of  1000  parts 
of  air,  of  the  density  30,6S  by  one  degree  of  Fahrenheit's 
thermometer,  is  S,384,  or  that  1000  becomes  1003,284. 

If  this  expansion  be  supposed  to  follow  the  same  rate 
that  was  observed  in  the  comparison  of  the  mercurial  and 
air  thermometer,  we  shall  find  that  the  expansion  of  a  thou- 
aand  parts  of  air  for  one  degree  of  heat  at  the  different  in- 
termediate  temperatures  will  be  as  in  table  E. 
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TanpB. 

Total 

e;.,»i.i«. 

E^«^ 

Hi 
198 
173 
152 
138 
118 

88 
T8 
62 
if 
U 
38 

18 

0 

4S4.810 

u*,on 

408,4S8 
339,603 
315,193 
8S9.S13 
888,008 
IST.TBi 
178,671 
UT.090 
181,053 
»5,S8& 
71.718 
48.481 
86,038 

8,00B9 
8,00g0 
8,1  *T5 
IMSS 
8,!840 
8.3754 
8.48  II 
8.5184 

!,J5et 

8.6037 
8,6184 

Mill 
8.3897 
8,8383 
8,1898 

rmp. 

„ 

DIBb. 

"ftTi*" 

818 
IS8 
178 
158 
132 
118 
98 
88 
78 
68 
A8 
48 
38 

n 

18 

0 

13489 
13474 
13087 
18685 
18878 
11846 
11403 
11177 
10948 
10T04 
10461 
10886 
10000 
B783 
957i 
9331 

375 
387 
388 
413 
486 
443 
286 
835 
238 
243 
835 
886 
817 
209 
843 

19,7 
19.3 
19,6 
20.6 
81, S 
82.1 
82.6 
23,6 
23.9 
843 
23,5 
82,6 
21.7 
80.9 
80,2 

IF  we  would  have  b  mean  expan^nn  for  way  particular 
range,  as  between  1S°  and  9S°,  which  b  the  most  likely  to 
cooiprehend  all  the  geodsetical  ohaervations,  we  need  only 
take  the  difference  of  the  bulks  26,038  and  223,006  = 
195,968,  and  divide  tJiis  by  the  interval  of  temperature 
80°,  and  we  obttun  2,4496,  <x  2,i5,  for  the  mean  expon- 
uoo  for  1". 

It  would  perhaps  be  better  to  adapt  the  table  to  a  mass 
of  1000  parts  of  ur  of  the  standard  temperature  32" ;  for 
in  its  present  form  it  shows  the  expanubitity  of  ur  oti^- 
nally  of  the  temperature  0.  This  will  be  done  inth  su^ 
ficient  accuracy  by  saying  (fm:  212^^  1071,718 :  1484, 210 
=  1000, :  18849,  and  so  of  the  rest.  Thus  we  shall  con- 
struct the  expannon  of  10,000  parts  of  air  as  in  Table  F. 

This  will  ^ve  for  the  mean  expanuon  of  1000  parts  of 
air  between  1:2°  and  9S=  2,29. 

Altbou^  it  cannot  happen  that  in  measuring  the  dif- 
ferences of  elevation  near  the  earth's  surface,  we  shall  have 
oocanon  to  employ  ur  greatly  exceeding  the  ccHnmon  den- 
uty,  we  may  inaert  the  experintents  made  by  General  Boy 
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1I41,$04 
1134.489 
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We  have  nudi  more  fVequent  occtnon  to  upiMk  »  tf 
that  is  rarer  Aan  the  ordinary  state  t^  the  stipsftiil  ■(- 
mosphere.  General  Roy  accordingly  made  nuny  ti^in* 
nents  on  suc^  airs.  He  found  in  gmenl,  tfadi  ifadi  o- 
pansHGty  by  heat  was  analogous  to  that  'of  tir  iM  kl  oA- 
wmry  density,  bang  gteatest  about  the  tHnpantoreMT. 
He  found,  too,  that  its  expanabili^  ly^  iMftt  AmnlliMl 
widi  its  dennty,  but  he  could  not  dAonnfaM  Aie  kttrf 
glvdation.  Wfaen  reduced  to  About  oaeMAbf  tHeA* 
uty  of  common  air,  its  expannon  was  A  IbllOM  t 

Prom  this  very  exteimTe  md  jndicican  nU||e  Of  btltai- 
ments,  it  is  evident  Uiat  the  expanmlnlity  af  air  1^  IM  il 
greatest  when  the  lur  is  about  Its  ordtevy  itiStillj^^iM  (W 
.in  small  dennties  it  is  greaHy  dirairilibed:'-  Rl^pfMintlNh 
dbtt  the  kw  of  compresrion  is  alteicd ;  th^'M  Utit  4|Hk 
.  acBOf  the  nu«  Sir  half  df  (he«Mt>  < 


about  the  tanperaliii^  99^,  but  in  air  of.  ordinary  denaty 
at  106^.  This  fating  the  caae^  we  see  that  the  experimoita 
of  Mr  AmontoDS,  narrated  in  the  Menuurftof  the  Aauiem^ 
at  Paris  I702»  Sec  we  not  inconsistent  with  those  mora 
perspicuous  experiments  of  General  Boy.  Amontona  founds 
that  whatever  was  the  dennty.  of  the  air,  at  least  in  oaMa 
much  denser  than  ordinary  air,  the  change  of  18(K>  of  tem- 
perature increased  its  elasticity  in  the  same  proportion :  for 
he  found)  that  the  column  of  mercuxy  which  it  supported, 
when  of  the  temperature  50,  was  increased  one-third-at  the 
temperature  21S.  Hence  he  hastily  concluded^  that  its 
ecqMmsilnlity  was  increased  in  the  same  proportion^  but 
this  by  no  means  follows,  unless  we  are  certain  that  in 
every  temperature  the  elasticity  is  proportional  to  the  den* 
sity.  This  is  a  point  which  still  remains  undecided^  and. 
it  merits  attention,  because,  if  true,  it  establishes  a  rcniMrk- 
able  law  ooacemingtbe  action  of  heat,  which  would  seem 
to  go  to  prove  that  the  elasticity  of  fluids  is  the  propertyof  ^ 
the  matter  of  fire,  which  it  superinduces  cm  ev«ry  body 
with  which  it  combines  in  the  form  of  vapour. 

After  this  account  of  the  expansion  of  air,  we  see  that 
the  height  through  which  we  must  rise  in  order  to  produce 
a  (piven  fall  of  the  mercury  in  the  barometer,  or  the  thidu 
ness  of  the  stratum  of  air  equiponderant  with  a  tenth  oCan. 
inch  of  mercury,  must  increase  with  the  expansion  of:  air ; 

and  that  if  r^r— r  be  the  expansion  for  one  degree,  we  must 

multijdy  the  excess  of  the  tempa»|%ire  of  the  air  above 
32»  by  OjaOStS^  and  multiply  the  product  by  87,  in  order 
to  obtain  the  thickaoess  c£  the  stratum  where  the  barometer 
stands  at  80  inches ;  or  whatever  be  the  elevation  indicated 
by  the  difference  of  the  barometrical  heights,  upon  the- 
supposition  that  the  air  is  of  the  temperature  SS^,  we  must 
multiply  this  by  0,00829  for«v«ry  degree  that  the  air  is 
warmer  or  colder  than  Si.  The  {Mtiduct  must  be  added  to 
the  elevation  in  the  finst  case»  and  subtracted  in  the  Jatler^ 
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Kr  G«iig»  SloMktaBg^  ilwliWiMlBllMiHiliiiigi  ^ 
idBMiti  M  tli0  owiB  iipinlwrin 
mod  this  if  probsUyiMuv  the  tnA^ 
Bay's  ezperiments  were  nuMia  on  sdr'WilMb«tf  Smt  ftoii 
damp  thn  the  adinary  «ir  in  the  StUm^  mat  it  ifpai 
ftem  his  eiperiliieiits»  thirt  awuijf  ufiaute  qaaatitj  rfAf 
imgeases  its  expsmahility  bj  heet'MiJifcpwwBgiciosdqpBfc  * 

The  grait  diflkol^  »  hem  to  etpjpljr  tfttsconMiDa'sv 
QUMSTy  how  to  deCenmne  the  fn^pentatvtif  AennittDB^ 
extHum  and  deep  stiete  in  wUeh  •  the  eliwatiopsBW^ 
aioed.    ItseidoaiornefferhappeiMtfasi  the  atalaiiflf 
the  seme  tempentnm  thioaghbiit.  *   It  ie  eoBumatjwait 
colder  aloft ;  it  is  also  of  different  oonetitiitiaBiSL    Bdowit 
is  warm,  loaded  with  TapooTy  and  Tcrf  cxpmMAfe;  dhsit 
it  is  ccddy  nnioh  drier,  and  less  ezpanmUe^  faothbyibdky- 
nsis  and  ite  laiiljf*    The  cut  rents  or  wind  eve  eAm  wt^ 
poeed  in  etnt%  whioh  long  retnn  thdr  plneea  $  and  si  th^ 
oone  fipom  dinerent  r^^ons,  are  eF  djAsient  ten^Kntsm 
and  difierent  constitutions.    We  cannot  therefoe  dda- 
mine  the  expansion  of  the  whole  stratum  with  prednoo, 
and  must  content  ourselves  with  an  approzimatioD:  ssd 
the  best  approximation  that  we  can  make  is,  by  eafpuag 
the  whole  stratum  of  a  mean  temperature  between  dme  of 
its  upper  and  lower  extremity,  and  employ  the  espsnnoa 
corresponding  to  that  mean  temperature. 

This,  however,  is  founded  on  a  giatuitoaa  supposhioB, 
that  the  whole  intermediate  stratum  expands  sJike^  mi 
that  the  expansion  is  equable  in  the  different  intermedfate 
temperatures ;  but  neither  of  these  are  warrant^  by  es» 
periment  Bareair  expands  less  than  what  is  denser;  ssd 
thereftire  the  general  expansion  of  the  whcde  stratum  rea* 
ders  its  density  more  uniform.  Dr  Horsley  baa  pointed 
out  some  curious  consequences  of  this  in  MiL  TVmi:  vol 
Ixiv.  There  is  a  particular  devation  at  whkdi  the  gs^ 
expansion,  instead  of  diminishing  the  density  of  Ik 
incieasBs  it  by  the  superior  expaaionnC  vriufeia  hehsr; 
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and  we  know  that  the  ezpannon  ii  ncyt  equable  in  the  m- 
termediate  temperatures ;  but  we  cannot  find  out  a  rule 
which  will  give  us  a  more  accurate  correction  than  by  tak- 
ing the  expanfflcm  for  the  mean  temperature. 

When  we  have  done  this,  we  have  carried  the  method  of 
measuring  heights  by  the  barometer  as  far  as  it  can  go ; 
and  this  source  of  remaining  error  makes  it  needless  to  at- 
tend to  s(»ne  other  very  minute  equations  which  theory 
p(Mnts  out.  Such  is  the  diminution  of  the  wdght  of  the 
mercury  by  the  change  of  distance  from  the  centre  of  the 
earth.  This  accompanies  the  diminution  of  the  weight  of 
the  ur,  but  neither  so  as  to  oc»npensate  it,  xmx  to  go  along 
with  it  pari  passu* 

After  all,  there  are  found  cases  where  there  is  a  rq^ular 
deviation  from  those  rules,  of  which  we  cannot  give  any 
very  satisfactory  account  Thus  it  is  found,  that  in  the 
province  of  Quito  in  Peru,  which  is  at  a  great  lelevat&on 
above  the  surface  of  the  ocean,  the  heights  obtained  by  these 
rules  fall  conmderably  short  of  the  real  heights ;  and  at 
Spitzbergen  they  considerably  exceed  them.  It  appears 
that  the  air  in  the  drcumpolar  r^ions  is  denser  than  the 
air  of  the  temperate  climates  when  of  the  same  heat  and 
under  the  same  pressure ;  and  the  contrary  seems  to  be  the 
case  with  the  air  in  the  torrid  zone.  It  would  seem  that 
the  specific  gravity  of  air  to  mercury  is  at  Spitzbergen 
about  1  to  10224,  and  in  Peru  about  I  to  13100.  This 
difference  is  with  great  probability  ascribed  to  the  greater 
dryness  of  the  drcumpolar  air. 

This  source  of  error  will  always  remain ;  and  it  b  com- 
bined with  another,  which  should  be  attended  to  by  all 
who  practise  this  method  of  measuring  heights,  namely  a 
difference  in  the  specific  gravity  of  the  quicksilver.  It  is 
thought  sufficiently  pure  fi^r  a  barometer  when  it  is  cleared 
of  all  caldnable  matter,  so  as  not  to  drag  or  sully  the  tube. 
In  this  state  it  may  ocmtain  a  oonaderable  portioii  of  other 
metals,  particularly  of  silver,  bismuth^  and  tin,  which  will 


UTS 

tBihiniihiitiapgafic gnnifi   Itrkwiiirii dHkM lifiii* 

witioa' fipoiv  ditnibsD  ^  tW  ifMiflBi^pMl^  ii^M^ 
aad)  it  is  dmight  ymtf  floe  if  iS^SSr-  nii  flwgilliMi 
burgh  found  tliequkslaBvi^"ii1Mir'^ggMA'pB^ 
the  atmoi^jMrioril  rfwcwwri^  wMJiy^'iBhi  « 

inmded,  to  Uve  the  qMiAr gttvi^  Ifl^i.  K  kiiMiB 
dbtmed  8d  hM? J.  Tr  iff  rriitf  ihl  tjfim  imMm  ij 
itenge  tlMT  whole  imilti ;  te^^ 
Mrjr,  in  onk^'to'obuun  pmirii%;tlHt^ 
ilNio  UMMuy  ismpioTol  Tlio  iiiTHMmiinii  rf  ili  i 
pherieil  logarithmic^  or  the  height  of  fhn  hiiiipiiiw  tf 
moiphefe,  will  inoratto  in*  due  mdm  pimMMriku  itt  tk 
deoaitjof  the  mercury;  and  the  eteratkm. eonapdhf 
to  1^  of  an  ineh  of  baiomehie  hagfatwflldu^BiiiAe 
aanie  pfoportioD. 

'We  must  be  contented  with  the  feMMUM  iaodb- 
tions:  and'weca&ieac&ly  aeey  thK^'fir  aiif  ^uipa»  (ha 
can  be  answered  by  socJi  neasurements  <^*  gteirt  k^(% 
the  method  is  sufficiently  exact ;  but  it  is  qmle  jiarfffp**'* 
to  the  purpose  of  taking  aocuifite  levels,  for  dirediiig  the 
construction  of  canals,  aqueducts,  and  other  woria  of  thii 
kind,  where  extreme  precanon  is  abeolutdy  netewiy* 

We  shall  now  deduce  from  all  that  has  been  saidoo  dus 
subject  sets  of  easy  rules  for  the  practice  of  tfaii  mode  of 
measurement,  ^luci^rating  them  by  an  example. 

1.  M.  de  Luc's  MeAod. 

I.  Subtract  the  loganthm  of  the  basomcCrieal  height  >t 
the  upper  station  from  the  logarithm  of'  that  ofAe  lovor, 
and  count  the* index  and  'four  first  decimal  figures  of  the 
remainder  as  fathoms^  the  rest  as  a  decimal  fiRBCtkxi.  CaH 
this  the  ekvoHan. 

II.  Note  the  cBfferent  tanpentuite  of^the'iaareaijit 
the  two  stations,  and  the  mfean'tempewUiuew  'Ifakflf 
the  logaridimic  expansion  oonrespoiidin|p  to  thismeia 
temperature  (m  Table  B,'p.  664w)  fay  Ae-JMhiiamuofthe 
two  temperaHuies,  wsi  fraSo^x^ct  the  ^^roduct  fton  tfv  de- 
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▼auon  if  the  barometer  has  been  oddest  at  the  u^perfttatiooy 
otherwise  add  it  CalLthe  difference  or  the  sum  the  op- 
prosrimaied  elevoHon, 

III.  Note  the  difference  of  the  temperatures  of  the  air 
at  the  two  stadons  by  a  detached  thermometer,  and  also  the 
mean  temperature  and  its  difference  from  S9P.  Multiply 
this  difference  by  the  expansion  of  air  for  the  mean  tempe- 
rature, and  multiply  the  ^proximate  elevatim  by  1  =t= 
this  product,  according  as  the  air  is  above  or  below  32°. 
The  product  is  the  correct  elevation  in  fathoms  and  ded- 
malst 

Suppose  that  the  mercury  in  the  barometer  at  the  lower 
station  was  at  29,4  inches,  that  its  temperature  was  50^ 
and  the  temperature  of  the  air  was  46 ;  and  let  the  height 
of  the  mercury  at  the  uppo:  station  be  25,19  inches,  its 
temperature  46,  and  the  temperature  of  the  air  39*.  Thus 
we  have 


Mercurial  Hts.      Temp.  Merc. 

29,4  60 

26,19  46 

I.  Log.  of  29,4 
Log.  of  26.19 

Elevation  in  fathoms 
11.  Expans.  for  48° 
Multiply  by 


MCUL 

48 


,479 
4 


Approximated  elevation 
III.  Expans.  of  air  at  48" 


Tcny.  Ail. 

45 
S9 


0,00288 
10 


Meui. 


42 


1.4683473 
1.4012283 

671,191 


1,892 


669>299 


Vol.  III. 


2U 


0,0238 


874 


By  .  .  -u  -       -  ifiOS 


.^1 


'  *       • 


Ptodooi;  8  the  €omct  devBtaon         *        MMIB 


2.    iSir  Crft^MB  5srcncrB«jrb  JEMUL 


L  Bcdaoe  the  bnonclm  iMgMi  Itt^'iriMI  4hf  mU 
be  if  dwy  w«re  of  the  taiipaMtiVK  31R 

lanetncdi  heii^  will  g^e  the  ■nMiiBimete  dkiiBfta 
IIL  Copect  the  lyptnyiinerM  dgiri>tiott  ••  hefafc 

•         •         •    • 
L  Hen  expeBAon  Ibr  1^  book  Tehb  A^  p.  SHI^  if 

'     18^  X  o;000111  X  89»4  a •        1^ 

Subtnu:t  this  firom  -  •    -  JU^4 

Beduoed  barometric  height  -  -         29^1 

Expena.  fixim  Table  A,  p.  659,  is  0,000111. 
14P  y^  0,000111  X  85,19  -  -  «,a99 

Subtract  fiom  •  -  .  85^90 

Reduced  barometric  hdgfat  -        .         25,151 

IL  Log.  89,841  -  .  .         0.4074749 

Log.S5,151  .  -  .         l,4006Sfi3 


Approximated  elevation  -  669,196 

III.  This  multiplied  by  1,0S38,  gives         .  685^185  ^ 

Renuark  1.  If  0,000101  be  supposed  the  meiB^qiaiiMi 
of  mercury  for  1^,  as  Sir  Gewge  Shudcbmgli.  dOuatmxM 
it,  the  reduction  of  the  barometric  hd^ta  will  be  had  su£> 
ficiently  exact  by  multiplying  the  observed  heighta  of  the 
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mercuiy  by  the  difference  of  its  temperatures  fiNMn  8S,  end 

X 18 
cutting  off  four  more  decimal  places;  thus  S9»4  Tnono 

14 

gives  for  the  reduced  hdght  SO^SiT,  and  25,19  x  ttJqqq 

^▼es  25,1559  and  the  difference  of  their  logarithms  gives 
669,4  fathoms  ibr  the  iq>pro»mated  elevation,  which  dif- 
fers firom  the  one  given  above  by  no  more  than  16  i 


Remark  2.  If  0,0024  be  taken  for  the  expanaon  of  air 
for  one  degree,  the  correction  for  this  expansion  will  be  had 
by  multiplying  the  approximated  elevation  by  12,  and  this 
product  by  the  sum  of  the  differences  of  the  temperatures 
firom  iVy  counting  that  difference  as  n^ative  when  the 
temperature  is  below  32,  and  cutting  off  fimr  places  ;.  thus 

669,196  X  12  X  13  +  07  x  \^  =  16,061,  which  add- 

cd  to  669,196  gives  685,257,  differing  firom  the  fmner 
only  9  inches. 

From  the  same  premises  we  may  derive  a  rule,  which  is 
abundantly  exact  for  all  geodastical  purposes,  and  which 
requires  no  tables  of  any  kind,  and  is  easaly  remembered. 

1.  The  height  through  which  we  must  rise  in  order  to 
produce  .any  fall  of  the  mercury  in  the  barometer,  is  in- 
versely proportional  to  the  dennty  of  the  ur,  that  is,  to  the 
height  of  the  mercury  in  the  barometer. 

2.  When  the  barometer  stands  at  30  inches,  and  the  air 
and  quicksilver  are  of  the  temperature  82,  we  must  rise 
throu^  87  feet,  in  order  to  produce  a  depression  of  ^^  of 
an  inch. 

S.  But  if  the  air  be  of  a  different  temperature,  this  87 
feet  must  be  increased  or  diminished  by  0,21  of  a  foot  for 
every  degree  of  difference  of^the  temperature  firom  32^. 

4.  Every  degree  of  difference  of  the-  temperatures  of  the 
mercury  at  the  two  stations  makes  a  change  of  2,833  feet, 
or  2  feet  10  inches  ia  the  elevation.    . 


flit  WWIMiTIfla. 


1/ Tike  the  diflSaeiioe  of  the  bttomedrk  1^^ 
efenindi.    CallthisdL 

>8.  llnhipijr  the  diAmBOB  a.  beMif«i  S8»  end,  die  »e«i 
ihfci|Hiiihnerftfae  air  bj  Sl^  and  take  the  sum  or  diffisr- 
cnoe  of  this  prodoet  aad  87  ftat.  TUa  is  tli^.he^ljkl 
tliioiigh  wfaioh  we  muat  rise  to  cause  the  barometer  to  fidl 
fiem  SO  incshes  to  89»9.  Call  tUs  hog^t  A. 
*    Let  fli  be  the  mean  between  the  two  barometric  hofjbtM. 

IQteai is  the  approximated  devatni  very  neailj. 

'^ukiplj  the  dilllMrame ^ of  llie  mereurial  tempenlaraa 
hj  9JB3  feet,  and  add  this  prodisct  to  the  afqpjromflmted 
Jeralion  if  the  upper  barometer  him  beim  die  iMnneal^ 
otherwise  subtmct  it.    The  result,  that  is,  the  sum  or  di& 

ftrenoe,  fnU  be  the  conrected  eievatioD. 

-  •  ■  ■ 

Same  EsBompk. 

d  =  894 -.  261,9  =  42,1 

A  =  87 +  10x0,21,  =  89,1 

29,4  +  25.19       ^^  ^ 
m=      ^    ■  g =  27,29 

,       .           30  X  42,1  X  89,1         ^^««  ^^  ^ 
Approx.  devauon  = otVq »  ~  4123,24  feet. 

Corr.  for  temp,  of  mercury,  =  4  x  2,88  11,32 


Corrected  elevation  in  feet  -         -         4111,92 

Ditto  in  fathoms         -  .  .  686,S2 

Differing  from  the  former  only  15  inches. 

This  rule  may  be  expressed  by  the  foUowing  simple  and 
easily'-ranembered  formula,  where  a  is  the  difference  be- 
tween 38^  and  the  mean  temperature  of  the  air,  d  is  the  dif- 
ference of  barometric  heights  in  tenths  of  an  inch,  m  is  the 
mean  barometric  height,  ^  the  difference  between  the  mer- 
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curial  temperatures,  and  E  is  the  correct  eleration.    E  ss 


m 


We  shall  now  conclude  this  subject  by  an.  account  of 
some  of  the  most  remarkable  mountains,  &c.  on  the  earth, 
above  the  surface  of  the  ocean,  in  feet. 


Feel. 

Mount  Puy  de  Domme  in 
Auvergne>  the  first  moon- 
taio  measured  by  the  ba- 
rometer     5197 

Moant  Blanc  .  .  ^  .  15646 
Monte  Rosa  .  .  |  .  15084 
Aiguille  d'Argenture  Mips  18409 
Monastery  of  St  Ber-| 

nard  ....  J  .  7044 
Mount  Cenia  ....  OSlt 
Pic  de  los  Reyes]  .    .    .      7620 

PicduMcdi      (^  9300 

ti-    i»i-.  >Pyrenee8 

PicdOssano      [    '  11700 

Canegou     .    .  J  .     .     .  8544 

Lake  of  Genera     .     .     .  1939 

Mount  iEtna    .    .    .    .  10963 

Mount  Vesuvius    .    .    .  3938 

Mount  Heda  in  Iceland  4300 

Snowdown 3571 


Ben  More 8870 

Ben  towers      ....  4015 

Ben  Gloe 3479 

Shihallion 3981 

Ben  Lomond    ....  3240 

Ben-nevis 4380 

Caim-gorm       ....  40SO 

Tinto 1790 

Table  HUl,  Cape  of  Good 

Hc^ 3454 

Gondar  City  in  Abyssinia  8440 

Source  of  the  Nile     •     .  8089 

PicofTenerifie     .    .     .  14096 

Chimbora^on    ....  91440 

Cayambourow  19391 

Antisana 19150 

Pichinha 15670 

City  of  Quito    ....  9977 
Caspian  Sea  below  the  Ocean    306 


This  last  is  so  singular^  that  it  is  necessary  to  give  the  au- 
thority on  which  this  determination  is  founded.  It  is  de- 
duced from  nine  years^  observations  with  the  barometer  at 
Astrakan  by  Mr  Lecre,  compared  with  a  series  of  observa- 
tions made  with  the  same  barometer  at  St  Petersburgh. 

This  employment  of  the  barometer  has  caused  it  to  be- 
come a  very  interesting  instrument  to  the  philosopher  and 
to  the  traveller;  and  many  attempts  have  been  nnade  of 
late  to  improve  it,  and  render  it  more  portable.  The  im- 
provements have  either  been  directed  to  the  enlargement 
of  its  range,  or  to  the  more  accurate  measurement  of  its 
present  scale.    Of  the  first  kind  are  Hookers  wheel  baro- 


amM,  fbfrd^p)M4nnn6ljr^'M£l  the  iKMOiitpl  bsniaie- 
ler,  described  in  a  fermer  volume  of  lUi  inrk-  In  liwt 

'  ftiee  m  also  described  tm  Tenr  ii^^  of 

Mr 'IhMrimigi^  which  we  6fi£^  Qf«U 

iWliaroBMmr  iriUi  uiiiMdnged  ink^Ae  best  ie'lbst-m- 
^PCfited  bf  Dr  Hooke  fai  106^<  tad  dtsttibed  in  dM  FImL 
Tipans.  No  186.  The  iaiFentioa  was  also  daiiiied  by 
A^gfaens  and  by  De  la  Ifire;  bat  Hookcf s  was publadied 
'  Ml||f  befive. 

:  ^*It  conmsts  of  a  oompound  tube  ABCBBFQ  (Kg.  9&), 
^^faich  the  jMffts  AB  and  D£*a^  eqnaliy  wide,-  andBFGr 
m.aradh  nammer  as  we  wduldamidxfy  th^  seek.  The 
piMs  K&  and  EG  must  alsQ  be  as  perfecdy  eyfindrical  as 
pIMnble.  Thepart  HBCDI  isfiUed  with  nwMiiyyiiaving 
aiTaetrtHH  above  in.AB.  IF  is  filled  with  a  fight  fliad, 
iHtf  FG  wkb  another  fight  fioidwhidi  wiU  not  mfaciritli 
<£at  in  IF.  The  astern  G  is  of  the  same  diameter  as  AB. 
It  k  easy  to  see  thattfac  range  of  the  separating  suAoe  at 
-  F  most  be  as  much  greater  than  that  of  the  surfine  I  as 
the  area  of  I  is  greater  than  that  of  F.  And  this  ratio  is 
in  our  choice.  This  barometer  is  free  from  all  the  had 
qualities  of  those  formerly  described,  being  most  delicately 
moveable;  and  is  by  far  the  fittest  for  a  chamber,  for 
amusement,  by  observations  on  the  changes  of  the  atmos- 
phertc  pressure.  The  slightest  breeze  causes  it  to  rise  and 
fall,  and  it  is  continually  in  motion. 

But  this,  and  all  other  contrivances  of  the  kind^  are  in- 
ferior to  the  common  barometer  for  measurement  of  heights, 
on  account  of  their  bulk  and  cumbersomeness ;  nay^  they 
are  inferior  for  all  j^ilosophical  purposes  in  point  of  accu- 
mcy ;  and  this  for  a  reason  that  admits  of  no  reply.  Their 
scale  must  be  determmed  in  all  its  parts  by  the.  ccmimon 
barometer;  and  therefore,  notwithstanding  their  great  range, 
they  aDre  susceptible  of  no  greater  accuracy  than  that  with 
which  the  scale  of  a  common  barometer  can  be  observed 
akid  measured.    This  will  be  evident  to  any  person  who 


FKEUMATICS.  679 

will' take  the  trouble  of  ccmodering  how  the  ponti  of  thdir 
3cale  must  be  aaoertained.    The  most  accurate  method  for 
graduating  auch  a  barometer  aa  we  have  now  described 
would  be  to  make  a  mixture  of  Titriolic  add  and  water, 
which  should  have  ^^^  <^  the  density  of  mercury.    Then, 
let  a  long  tube  stand  vertical  m  this  fluid,  and  connect  its 
upper  end  with  the  open  end  of  the  barometer  by  a  pige 
which  has  a  branch  to  which  we  can  apply  the  mouth. 
Then  if  we  suck  through  this  pipe,  the  fluid  will  rise  both 
in  the  barometer  and  in  the  other  tube ;  and  10  inches  rise 
in  this  tube  will  correspond  to  <me  inch  descent  in  the  com- 
mem  barometer.    In  this  manner  may  every  point  of  the 
scale  be  adjusted  in  due  proportioa  to  the  rest.     But  it 
still  remains  to  determine  what  particular  pmnt  of  the  scale 
corresponds  to  some  detenQined  inch  of  the  common  ba- 
rometer.   This  can  only  be  done  by  an  actual  comparison ; 
and  this  bdng  done,  the  whole  becomes  equally  accurate.  Ex^ 
oept  therefore  finr  the  mere  purpose  of  chamber  amusement, 
in  which  case  the  banmieter  last  described  has  a  decided  pre- 
ference, the  common  barometer  b  to  be  preferred ;  and  our 
attention  should  be  entirdy  directed  to  its  improvement  and 
portability. 

For  this  purpose  it  should,  be  furnished  with  two  mi- 
croaoqpes,'  or  magnifying  glasses,  one  of  them  stationed  at 
th«  beginning  of  the  scale ;  which  should  dther  be  move- 
able, so  that  it  may  always  be  brought  to  the  surfiM»  of  the 
mercury  in  the  eastern,  or  the  cistern  should  be  so  con- 
trived that  its  surface  may  always  be  brought  to  the  be» 
fpnm^g  of  the  scale.  The  glass  will  enable  us  to  see  the 
ooinddence  with  accuracy.  The  other  microscope  must  be 
moveable,  so  as  to  be  set  oppoute  to  the  surface  of  the  mer- 
cury in  the  tube;  and  the  scale  should  be.furmshed  with  a 
vernier  which  divides  an  inch  into  1000  parts,  and  be  made 
of  i"^terifllft  of  which  we  know  the  expansion  with  great 

predsion. 

For  an  account  of  many  ingenious  contrivances  to  make 
the  instrument  accurate,  portable,  and  commodious^  co^^\\l 
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Sm.'xim.  981.  tA.  498.  XBJftm^ir^iAmi'Aiit  WM 
a.  flB9i ;  D»  Lue,  Jinmiito  ^m»»  ^fcir^iMi  jyitJliiii  * 
rjtmo>pli&*»  i401.'iL-4W,'4BOK'  •])»v«tani^«iMi'iR 
iiio0tiiittpbMidparftai«f-llMDiA*  <QttdiHtfiiitt}M 
fjifati.  Ar.  1768);  Dif  Inib»  AMftOTdlMi' 1 8&';  fM 
SvnUdeitV  /MMMMf  l%ilBvr*'  CbMir^AMi^  Jhtn/^M 

'  TPrt08  we  hffg|^ti»  Jtn  dttiia^Krj  «fliiwmt  rf  lb  Jfc 
tidgtMiing  )ph)|h^^      rir^ta  «r'lisii^  and 'tanjtatt 

eautri^iteioai  of  thwe  proficWat  'This  iv#laifv  tee  kt 
-wtofpropontioiis  analogoii*  tiKtiiaie'irfdch  fixtarlhrte- 
iihwitif  bjfdiMtMMBk'  It'icmini^'eaiMiilBr  K  io  iMwf 
poiiit'<if  fteir,  ikAcIf,  ttOaferible  wai  muL  llepfe 
nomena  ednseqiieiit  cm  these  pMypertm  ore  exiiibited  n  Ck 
velocities  which  ahr  acquires  by  pressare,  in  the  niiitiwi 
winch  bodies  meet  with  to  their  motion  thRnigfa  the  air,iBd 
in  the  impreswon  which  air  in  motion  gives  to  bodieier- 
posed  to  its  action. 

-  We  shall  first  consider  the  motions  of  which  air  iins- 
ceptible  when  the  equilibrium  of  pressure  (whether  snmg 
from  its  weight  or  its  elasticity)  ia  removed  ;  and,  ia  lk 
next  place,  we  shall  consider  its  acdoo  on  solid  bodies  a- 
posed  to  its  cuirent,  and  the  renstanoe  which  it  makeito 
their  motion  through  it 

In  this  .consideration  we  shall  avmd  the  eMreme  of  g» 
neraiity,  whidi  renders  the  discussion  too  aboCract  and  &> 
ficult,  and  adapt  our  investigation  to  the  ctxemnstanoes  is 
which  compressible  fluids  (of  which  air  is  taken  finr  the  i^ 
presentative)  are  most  commonly  f^nd.  *  We  shall  cott> 
der  air  therefore  as  it  is  commonly  found  in  acccsaHe  «- 
tuations,  as  acted  on  by  equal  and  parallel  gravity ;  and  we 
shall  consider  it  in  the  same  order  in  whidi  Waler  is  UtatrH 
in  a  system  <A  VrjdtSLuVit^* 
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In  that  scienoe  the  leading  proUem  is  to  detamine  urith 
what  Telocity  the  water  will  move  through  a  given  orifioe 
when  impelled  by  some  known  pressure ;  and  it  has  been 
found,  that  the  best  form  in  which  this  most  difficult  and 
intricate  propontion  can  be  put,  is  to  determine  the  velocitj 
of  water  flowing  through  tins  orifioe  when  impelled  by  its 
weight  alone.  Having  determined  this,  we  can  reduce  to 
this  case  every  question  which  can  be  proposed ;  for,  in 
place  of  the  pressure  of  any  pston  or  other  mover,  we  can 
always  substitute  a  perpendicular  column  of  water  or  air 
whose  weight  shall  be  equal  to  the  ^ven  pressure. 

The  first  problem,  therefore,  is  to  determine  with  what 
velocity  air  will  rush  into  a  void  when  impeUed  by  its  weight 
alone.  This  is  evidently  analogous  to  the  hydraulic  prob- 
lem of  water  flowing  out  of  a  vessel. 

And  here  we  must  be  contented  with  referring  our  read- 
ers to  the  solutions  which  have  been  ^ven  of  that  problem, 
and  the  demonstration  that  it  flows  with  the  velocity  which 
a  heavy  body  would  acquire  by  falling  from  a  height  equal 
to  the  depth  of  the  hole  under  the  surface  of  the  water  in 
the  vessel.  In  whatever  way  we  attempt  to  dononstrate 
that  proposition,  every  step,  nay,  every  word,  of  the  de* 
monstration  applies  equally  to  the  air,  or  to  any  fluid  what- 
ever. Or,  if  our  readers  should  wish  to  see  the  omnexion 
or  analogy  of  the  cases,  we  only  desire  them  to  recollect  an 
undoubted  maxim  in  the  science  of  moticm^  that  when  the 
mooing  Jbrce  and  the  tnatter  to  be  moved  vary  in  the  eame 
proportion,  the  velocity  untt  be  the  same.  If  therefore  there 
be  similar  vessels  of  air,  water,  oil,  or  any  other  fluid,  all 
of  the  height  of  a  homogeneous  atmosphere,  they  will  all 
run  through  equal  and  ^milar  holes  with  the  same  velocity ; 
for  in  whatever  proportion  the  quantity  of  matter  moving 
through  the  hole  be  varied  by  a  variation  of  density,^  the 
pressure  which  forces  it  out,  by  acting  in  circumstances 
perfectly  similar,  varies  in  the  same  proportion  by  the  same 
variation  of  density. 
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;• ,  Wemiitt  tberrfore attume  it  as  the  leading propontioii, 
that  airruthea ^fi[om  the  aimo^phere  inio  a  void  wUh  the 
vekciiji  ttAfc^  a  hsaojf  body  woM  acqmre  bjfJbiBimg  Jirom 
ibei(^^ahomcgen€aM(Umoaphere. 

Itis  known  that  air  is  about  840  times  lighter  than  wa^ 
ter,  and  that  the  pressure  of  the  atmosphere  sui^xnts  w». 
ter  at  the  hmght  of  83  feet  nearly.  The  height  therefore 
of  a  homoganeoua  atmo^eiiB  is  nearly  S8  x840,  or  277S0 
f^et  Moreov^,  to  know  the  velocity  acquired  by  any  fall, 
feeoUect  that  a  heavy  body  by  falling  one  foot  acquires  the 
velocity  of  8  feet  per  second;  and  that  the  velocities  ac< 
quired  by  falling  through  different  heights  are  as  the  square 
roots  of  the  heights.  Therefore,  to  find  the  vdbdty  cor- 
responding to  any  height,  expressed  in  feet  per  second,  mul- 
tiply the  square  root  of  the  height  by  8.    We  have  there- 

fim  in  the  present  instance  V  =^8  ^27280^ =8  x  166,403, 
s^lSSS  feet  persecjmd.  This  therefore  is  the  velodty 
tirith  whicfacommon  uir  will  rush  intoa  void ;  and  this  may 
be  taken  as  a  standard  nhmber  in  pneumatics,  as  16  and 
82  arc  standard  numbers  in  the  general  science  of  me- 
chanics, expressing  the  action  of  gravity  at  the  surface  of 
the  earth. 

It  is  easy  to  see  that  greater  precision  is  not  necessary  in 
this  matter.     The  height  of  a  homogeneous  atmosphere  is 
a  variable  thing,  depending  on  the  temperature  of  the  air. 
If  this  reason  seems  any  objection  against  the  use  of  the 
number  1332,  we  may  retain  8  ^  H  in  place  of  it,  where 
H  expresses  the  height  of  a  homogeneous  atmosphere  of 
the  given  temperature.      A  variation  of  the  barometer 
makes  no  change  in  the  velocity,  nor  in  the  height  of  the 
homogeneous  atmosphere,  because  it  is  accompanied  by  a 
proportional  variation  in  the  density  of  the  air.     When  it 
is  increased  i^g,  for  instance,  the  density  is  also  increased 
^^5 ;  and  thus  the  expelling  force  and   the  matter  to  be 
moved  are  changed  in  the  same  proportion,  and  the  velo- 
city  remains  the  same.     N.  B.  We  do  not  liere  consider  the 
5 
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Telocity  which  the  air  acquires  afVer  its  iflBuiog  into  the 
void  by  its  continual  expansion.  This  may  be  aaootained 
by  the  39th  propoation  of  Newton^s  Prindpia^  b.  L  Nay, 
which  appears  very  paradoaucal,  if  a  cylinder  of  air,  com- 
municating in  this  manner  with  a  void,  be  compressed  by 
a  piston  IcMuled  with  a  weight,  which  presses  it  down  as  the 
lur  flows  out,  and  thus  keeps  it  of  the  same  density,  the 
velocity  of  efflux  will  still  be  the  same,  however  grealt  the 
pressure  may  chance  to  be :  for  the  first  and  immediate 
effect  of  the  load  on  the  piston  is  to  reduce  the  air  in  the 
cylinder  to  sucli  a  denaty  that  its  elasticity  shall  exactly 
balance  the  load ;  and  because  the  elasticity  of  lur  is  pro- 
portional to  its  density,  tlie  density  of  the  air  will  be  in- 
creased in  the  same  proportion  with  tlie  load,  that  is,  with 
the  cxpeUing  power  (for  we  are  neglecting  at  present  the 
weight  of  the  included  air  as  too  inconsiderable  to  have  any 
sensible  effect.)  Therefore,  nnce  the  matter  to  be  moved 
is  increased  in  the  same  proportion  with  the  pressure,  the 
velocity  will  be  the  same  as  before. 

It  is  equally  easy  to  determine  the  velocity  with  wliidi 
the  air  of  the  atmosphere  will  rush  into  a  space  containing 
rarer  air.  Whatever  may  be  the  density  of  this  air,  its  elas- 
ticity, which  follows  the  proportion  of  its  density,  will  ba- 
lance a  proportional  part  of  the  pressure  of  the  atmosphere ; 
and  it  is  the  excess  of  this  last  only  which  is  the  moving 
force.  The  matter  to  be  moved  is  the  same  as  before.  Let 
D  be  the  natural  density  of  the  air,  and  }  the  density  of  the 
air  contained  in  the  vessel  into  which  it  is  supposed  to  run, 
and  let  P  be  the  pressure  of  the  atmosphere,  and  therefore 
equal  to  the  force  which  impels  it  into  a  void ;  and  let  «-  be 
the  force  with  which  this  rarer  lur  would  run  into  a  void. 

PJ 
We  have  D :  ^  =  P :  *,  and  *  =  fr*     Now  the  moving 

« 
force  in-^he  present  instance  is  P  •—  r,  or  P  —  —  Lastly, 
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let  V  be  the  vdodty  of  air  niahii^  into  •  md,  tndo As 
Telocity  with  which  it  will  rush  into  this  wmtIhI  air. 

It  is  a  theorem  in  the  motioa  of  flcnd%  that^peHUfci 
are  as  the  squares  of  the  vdocitics  of  cffliUL    Tknibre 


P:P  — ^  =  V«:c».     Hence  we  derive  p'^Vxl-^ 


and«i==Vx^l 


vr~T 


We  do  not  here  oonader  the  n- 


D 

sistanoe  which  the  ur  of  the  atmosphere  will  meet  withfiw 
the  inertia  of  that  in  the  vessel  which  it  must  diqdaoe  in  h 
motion. 

Here  we  see  that  there  will  always  be  a  cwrentiDtothe 
vessel  while  ^  is  less  than  D. 

We  also  learn  the  gradual  diminution  of  the  Telodtj  s 
the  vessel  fills ;  for  ^  continually  increases,  and  tlierefae 

1  -—  -^  continually  diminishes. 

It  remains  to  determine  the  time  /  expressed  in  seconds, 
in  which  the  air  of  the  atmosphere  will  flow  into  this  tessel 
from  its  state  of  vacuity  till  the  air  in  the  vessel  has  a^ 
quired  any  proposed  density  ^. 

For  this  purpose  let  H,  expressed  in  feet,  be  the  height 
through  which  a  heavy  body  must  fall  in  order  to  acquire 
the  velocity  V.  expressed  also  in  feet  per  second  This 
we  shall  express  more  briefly  in  future,  by  calling  it  the 
height  producing  the  velocity  V,  Let  C  represent  the  o* 
pacity  of  the  vessel,  expressed  in  cubic  feet,  and  0  the 
area  or  section  of  the  orifice,  expressed  in  superficial  (X 
square  feet ;  and  let  tlie  natural  density  of  the  air  be  D. 

Since  the  quantity  of  aerial  matter  contidned  in  a  ressd 
depends  on  the  capacity  of  the  vessel  and  the  density  of  the 
air  jointly,  we  may  express  the  air  which  would  fill  this 
vessel  by  the  symbol  CD  when  the  air  is  in  its  cMdinaiJ 
state,  and  by  C^  when  it  has  the  density  \  In-order  to 
obtain  the  rate  at  which  it  fills,  we  roust  take  the  fluxioD 
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of  this  quantity  C  i.    ThisisC^;  forCisaomalaiilqiiaii^ 
tity,  and  )  is  a  Toriable  or  flowing  quantity. 

.But  we  also  obtain  the  rate  of  influx  by  our  knowledge 
of  the  velodty,  and  ibe  area  <^  the  orifice,  and  the  d&uatj. 
The  yelodty  is  V,  or  8  i/  H,  at  the  first  instant,  and  when 
the  air  in  the  vessel  has  acquired  the  density  \  that  is,  at 

the  end  of  the  time  i,  the  velocity  is  8  V  H  ^1— -=r ,  or 

The  rate  of  influx  therefore  (winch  may  be  conceived  as 
measured  by  the  little  mass  ofair  which  will  enter  during  the 

,.       :.....      ,    .    X      „  i_    8  VHODVD  — >i 
tune  t  with  this  veloaty)  will  be r-K »   or 

S^HO^Da/D  — >i,  multiplying  the  velocity  by  the 
orifice  and  by  the  density. 

Here  then  we  have  two  values  of  the  rate  of  influx. 
By  stadng  them  as  equal  we  have  a  fluxionary  equation, 
ftom  which  we  may  obtun  the  fluents,  that  is,  the 
time  t  in  seconds  necessary  for  bringing  the  air  in  the 
vessel  to  the  dennty  ^,  or  the  density  >  which  will  be 
produced  at  the  end  of  any  time  t  We  have  the  equa- 
tion  8 VHO^D VD — )  i  =  Ci.     Hence   we  derive  i 

=  8^H0^D  ^  •D^'-     Of  ^  the   fluent   is  t  = 

C 
-    yxjo  /|S  X  -i/D— ^  +  A,  in  which  A  is  a  conditional 

constant  quantity.     The  condition  which  determines  it  is, 
that  t  must  be  nothing  when  }  is  nothing,  that  is,  when 

v^D— a=VD ;  for  this  is  evidently  the  case  at  the  begin- 
ning erf*  the  motion.    Hence  it  follows,  that  the. constant 

quantity  is  V^D^  and  the  comjdete  fluent,  suited  to  the 
case,  is 


VHOvD  ^  ^^D^^D-»- 
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The  motion  oeaaes  when  tibe  ur  in  the  fmd  butt. 

quired  the  denatj  of  the  estenud  or  ;  that  ii|  wlia<= 

C  -^ C 

D,  or  when  i  =  ^jy^Q^fy   X    V»f  -  ^jgo' 

Therefore  the  time  of  oompletelj  fillii^  the  md  ii 
C 

VHO' 
Let  m  illustrate  this  by  an  example  in  numben 
Suppodng  then  that  air  is  840  times  lighter  than  vikr, 
and  the  hdght  of  the  homogeneous  atmoqphoe  277S0 
feet,  we  have  4^H=666.  Let  us  further^  ^PP^  ^ 
vessel  to  contain  8  cubic  fee^  which  is  nearly  a  irine  hogs- 
head, and  that  the  hole  by  which  the  air  of  the  ofiiBry 
dennty,  which  we  shaU  make  ==  1,  enters  is  an  indi  sijbbCi 
or  xif  of  a  square  foot   Then  the  time  in  seconds  of  eoa- 

pletely  filling  it  will  be  "7"ggg»  or  "^gg" «    or    1,7297. 

If  the  hole  is  only  ^l^  of  a  square  inch,  that  is,  if  id 
side  is  ^^q  of  an  inch,  the  time  of  completely  filling  the 
hogshead  will  be  173"  very  nearly,  or  somethiDg  less  duo 
three  minutes. 

If  we  make  the  experiment  with  a  hole  cut  in  a  iBio 
plate,  we  shall  find  the  time  greater  nearly  in  the  propor- 
tion of  63  to  100,  for  reasons  obvious  to  all  who  have 
studied  hydraulics.  In  like  manner  we  can  tell  the  time 
necessary  for  bringing  the  air  in  the  vessel  to  |  of  its  orfi- 
nary  density.  The  only  variable  part  of  our  fluent  is  the 
co-efficient — VD — J,  or  v^l — ^.     Let  a   be   =  ^,  then 

VT^^=  ^/5=i,  and  1— Vl^  =  i ;  and  the  time  is  86i* 
very  nearly  when  the  hole  is  y^jj  of  an  inch  wide. 

Let  us  now  suppose  that  the  mr  in  the  vessel  ABCD 
(Fig.  81.)  is  compressed  by  a  waght  acting  on  the  cover 
AD,  which  is  moveable  down  the  vessel,  and  is  thus  a- 
pelled  into  the  external  air. 

The  immediate  effect  of  this  external  pressure  b  to  com- 
press the  £dr  and  give  it  anothef  density.     Thetlemity  D 
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I 

of  the  external  air  corresponds  to  its  pre^re  P.  Let  the 
addhional  pressure  on  the  cover  of  the  vessel  be  p,  and  the 
denaty  of  the  ah*  in  the  vessel  be  dt    We  Aall  have  P  tP 

+  p  =  D:d;  and  theref<Mrej>=:P  X  T^.*.  ..'iTben,  1^ 

cause  the  pressure  which  expels  the  aur  is  the  difference  bel 
tween  the  force  which  compresses  the  air  in  the  vessel  and 
the  force  which  compresses  the  external  ur,  the  expelling 
force  is  I?.  And  because  the  quantities  of  motibn  are  as 
the  forces  which  mmilarly  produce  them,  we  shall  have 


P  :  P  X  — |Y~  ^^  ^^ :  w  V ;  where  M  and  m  express  the 

quantities  of  matter  expelled,  V  expresses  the  velocity  with 

which  air  rushes  into  a  vend,  and  v  expresses  the  velocity 

sought     But  because  the  quantities  of  ^aerial  matter  which 

issue  from  the  same  cMifice  in  a  moment  are  as  the  densities 

and  velodties  jointly,  we  shall  have  MV  :  m  v  =  DW : 

d— D 
dvv,  =  DV«  :  dv'.    Therefore  P  :p  -g-=DV*:(ii^. 


Hence  we  deduces  =  V     / 


'3=SI 


d 

We  may  have  another  expresaon  of  the  velocity  with- 
out conddering  the  density.    W^  had  P :  P  -{-p  =  D :  d : 

therefore  4  =  ^2«P5,  and  (i-^D  =  ^2Lf5  —  D. 

?  P  * 

Y)  '  »■»•«•  ■      •  '  ^    I  ■  ,^^j     CSS 

^  a  T>xV+p 

V+p—P         ■  p  / 1 

-p+f-'  =^  p:i^=  therefore»  =  Vx  y^Lwhich 

IS  a  very  simple  and  convenient  expresaon. 

Hitherto  we  have  eonndered  the  iBOti(m  of  air  as  |»o. 
duced  by  its  weight  only.  Let  us  »ow  consider  the  efifect 
of  its  elasticity.  ^     ..'  .«.:.-:.. 

Let  ABCD  (Fig.  81.)  be  a  vessel  eontMning  lUf  of  any 
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decnitjir  D^  This  air  is  in  a  state  of  compression ;  and  if 
the  oompresfling  finroe  be  removed^  it  will  expand,  and  its 
elasticity  will  diminish  along  with  its  density.  Its  elasticity 
in  any  state  is  measured  by  the  force  which  keeps  it  in  that 
state.  The  force  which  keeps  common  air  in  its  ordinary 
density  is  the  weight  of  the  atmosphere,  and  is  the  same 
with  the  weight  of  a  column  of  water  88  feet  high.  If 
therefore  we  suppose  that  this  air,  instead  of  being  confined 
by  the  top  of  the  vessel  is  pressed  down  by  a  moveable 
piston  carrying  a  column  of  water  83  feet  high,  its  elasti- 
city will  balance  this  pressure  as  it  balances  the  pressure 
of  the  atmosphere ;  and  as  it  is  a  fluid,  and  propagates 
through  every  part  the  pressure  exerted  on  any  one  part, 
it  will  press  on  any  little  portion  of  the  vessel  by  its 
elasticity  in  the  same  manner  as  when  loaded  with  this 
column. 

The  consequence  of  this  reasoning  is,  that  if  this  small 
portion  of  the  vessel  be  removed,  and  thus  a  passage  be 
made  into  a  void,  the  air  will  b^n  to  flow  out  with  the 
same  velocity  with  which  it  would  flow  when  impelled  by 
its  weight  alone,  or  with  the  velocity  acquired  by  falling 
from  the  top  of  a  homogeneous  atmosphere,  or  1332  feet  in 
a  second  nearly. 

But  as  soon  as  some  air  has  come  out,  the  density  of 
the  remaining  air  is  diminished,  and  its  elasticity  is  dimi- 
nished ;  therefore  the  expelling  force  is  diminished.  But 
the  matter  to  be  moved  is  diminished  in  the  very  same 
proportion,  because  the  density  and  elasticity  are  found 
to  vary  according  to  the  same  law  ;  therefore  the  velocity 
will  continue  the  same  from  the  beginning  to  the  end  of  the 
efflux. 

This  may  be  seen  in  another  way.  Let  P  be  the  pres- 
sure of  the  atmosphere,  which  being  the  counterbalance 
and  measure  of  the  initial  elasticity,  is  equal  to  the  expel- 
ling force  at  the  first  instant.  Let  D  be  the  initial  density, 
and  V  the  initial  velocity.     Let   d  be  its  density  at  the 
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end  of  the  time  t  of  fefflux^  and  v  the  contemporaneous 
velodtj.    It  is  plain  that  at  jfche  end  of  this  time  we  shall 

have  the  expelling  force  «•  =  1^- ;    for  D :  rf  =  P  :  * 


(= 


¥)• 


These  forces  are  proportional  to  the  quantities  of  motion 
▼iiich  tliey  prodlMoe;  ^t^  tl^  (ym^/^u^  (^ ^p^ 
{NHCtional  tp  ^qpafi^tjft^  of  ii^aft^  If  a<\d  mjfgi^Jife  ve- 

lodties  V  and  v  jointly :  therefore  we  have  P  :  ^^=M V : 

m  V.    But  j|he  quantises  rf  ma««IF  wfe^cb  je^^me  jthrqugh 
a  given  ori$Qe.«re  aa  fthe  cle^iMiJ^^  an#  jrgkxaU^  ]<»«%  J 


Fd 
that  is,  M :  w  =  DV :  i  i; :  therefore  P:  ^  =i=-DV«:  rfi;«, 

andPxdp«  =  =-^^  =  P JV,  and V^xj?,and V=i;, 

and  the  ;i|s|pcity  ,g^  e^qx  is  constant  Hence  fbllo^a^  what 
appears  very  unlikely  at  first  aght,  that  however  much  the 
air  in  the  .[vessel  is  condensed,  it  will  always  ^ssue  into  a 
vend  with  the  same  velocity. 

In  order -to  fipd  the  quantity  of  aerial  matter  which  will 
issue  during  jmj  time  i,  and  consequently  the  density  of 
the  rqppLainin^  air  at  the  end  of  this  time,  we  must  ^t  the 
rate  of  efflux.  In  the  elemet^t  of  time  i  there  issues  (by 
what  has  been  said  above)  the  bulk  8VH0  /  .(fcor  the  vi^lo- 
atj  V  is  constant) ;  and  tlfere^re  ^e  quantity  8^.H0  d  ?. 
On  ithe  .other  hand,  t^e  quantity  of  air  ttt  the  hq^nning  was 
CD,  C  being  the  capacity  of  the  vessel;  and  when  the  air 
bas  acqinred  f he densi^ ^  the  quantity  is  iCiZ,  and  the 
quantity  run  out  is  CD  — Ccl:  therefore  the  quantity 
which  has  run  out  in  the  time  t  must  be  the  fluxion  of 
CD— Ci^  or— CdT.     Ther^ore  we  hfive  the  equation 

S^HOdt  --Ci  and  i  =  g^;  =  ^^ 
d 

Voi„  III.  S  X 


6flO-  nnauATVSM, 

must  be  so  taken  that  i  may  be  ==s  p^w^ftu  d:=(D.  Tbae- 

C  D 

fiire  the  oonect  fluent  will  be  /  —  AjVtt%  ^*  T^^* 

^skglyss^o.    We  deduce  fiom'thifl^  that  it  nqdRi 

an  infimte  time  ibr  the  whole  nr  of  a  yyaaael  to  Ikwoatirf 
it  into  a  Tmd.  JV.  A.— By  kg.  d^  1k.^  iiie80tihehjp» 
bdiie  k>garitfam  ofd^  &C. 

Let  uii  next  mippoae  that  the  veaad,  instead  ofktiff 
oift  iti  nr  into  a  ToUl,  camts  ft  inib  air  of  a  knfaatfi 
wbidi remiunseoostatat  doring'the efflte;  aia  we najap^ 
poae  to-be  the  case  when  a  vesael  «i»»»ff'fftmg  condoaBi 
a|r  emits  it  into  the  surrounding  atmoaphete.  let  Ae 
initial  dennty  of  the  ttr  in  tJbe  vessel  be  \  and-  dot  of  da 
atmoq)ereD.    Then  it  is  jdain  that  the  ezpelEi^  fine  ii 

P_?^  and  that  after  the  time  i  it  is  ?^-.  ^.    We 
hare  therefore  F  —  E^  :  ^^—^  ==  MV:iar,= 

^V* :  d  t^.    Wh«ic^  we  derive  p  =  V 

From  this  equatbn  we  leam  that  the  motion  mD  be  at 
an  end  whend  =  D:  andif  ^  =  D  there  can  be-nocflux. 

To  find  the  relation  between  the  time  and  the  den- 
rity,  let  H,  as  before,  be  the  hdght  producing  the  ido- 
dty  V.     The  hdght   produdng   the  velocity  of  cAa 


V  must  be  H  X  J^    ^^  and  the   little  pared  of  av 
which  will  flow  out  m  the  time  t  will  be  s=  S^HO^li 


y 


acjo 


On  the  other  hand^  it  is  a=  — -  Cd^ 


Hence    we   deduce    the    fluxionary    equation  i  ^ 
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ed  80  as  to  iiiake<==:0  when  J=»,  is  <  =  JS^d^TT?  v 

inff  the  efflux,   when   J=  D,  is  ^  =  ^^^    *^    X  loir. 

Laiitlj,  Let  ABCD,  CF6H  (Fig.  8S.)  be  two  vessels 
ooDtaining  airs  of  different  densities,  and  communicating 
hj  the  orifice  C,  there  will  be  a  current  from  the  vessel 
contuning  the  denser  air  into  that  containing  the  rarer : 
suppose  from  ABCD  into  CF6H. 

Let  P  be  the  elastic  force  of  the  air  in  ABCD,  Q  its 
density,  and  V  its  velocity,  and  D  the  density  of  the  air  in 
CF6^.  And,  after  the  time  <,  let  the  density  of  the  air 
in  ABCD  be  g,  its  velocity  v,  and  the  density  of  the  air 
in  CF6H  be  K    The  expelling  force  from  ABCD  will 

PD 

be  P  —  -g—  at  the  first  instant,  and  at  the  end  of  the 

P  n       Pi 

time  i  it  will  be  -^'^TT'      Theref(»:e  we  shall  have 
P  —  -g—  :  -^—  7|-  =  QV*  :  gt^,  which  gives  »  =  V 

X       /  jl^tZZly  and  the  motion  will  eease  when  ^  =o. 
V   j(Q— D)'  ^ 

Let  A  be  the  capadty  of  the  first  vessel,  and  B  that  of 
the  second.    We  have  the  second  equation  AQ  +  BD  = 

A  g+B>,  and  therefore  >  =  ^^^^^^ .    Substituting 

thb  value  of  ^  in  the  former  value  of  v,  we  have  r  =  V  x 

,  which  gives  the  relation 


y 


Q  [B  (yD)~A  (Q-^)  3 


5  B  (Q_D) 
between  the  velocity  v  and  the  density  ;. 

In  order  to  ascertain  the  time  when  the  air  in  ABCD 
has  acquired  the  dennty  q,  it  will  be  convenVenl  \o  doMs^jt 


the  varfc  by  scmie  nibstHutioils.     Therefore  make  Q 
(B+J^zzM,  BQD  +  BQ>=:N;BQ^BD=Baoa 

N 

^tsB^m.     Tbc99  piooeediqg  u  |fBfitt»  we  dbtfui  the 

|d^  fluent,  oompleted  lo  that  <  «=  p  when  j  ss  Q,  is  #  = 

^  Some  of  these  questioOB  are  of  difflcdt  Bolotioi^  and  they 
are  not  of  frequent  use  m  the  more  faoportant  and  umial 

.  applicatifins  of  the  doctrines  of  pnennuitica>  at  least  in  Aeir 
present  fitfm.  The  cases  of  greatest  use  are  when  the  ur 
is  eipeDed  frmn  a  yessd  fay  an  external  fiwee^  as  wfaai  beU 
Ifnrs  are  worked^  whether  of  the  ordinary  Ibnn  or  consist, 
iag  (^a  cylinder  fitted  with  a  moveab lepiston.  Thb  last 
case  merits  a  pardcular  conaderation ;  and,  fortunately, 
the  investigation  is  extremely  easy. 

Let  AD,  Fig.  81.  be  consideTed  as  a  piston  moving 
downward  with  the  uniform  velocity^  and  let  the  area  of 
the  piston  be  n  times  the  area  of  the  hole  of  efflux,  then  the 
velocity  of  efflux  arising  from  the  motion  of  the  piston  will 
be  nf.  Add  this  to  the  velocity  V  produced  by  the  elas* 
ticity  of  the  air  in  the  first  question,  and  the  whole  velocity 
will  be  V  +  njl  It  will  be  the  same  in  the  others.  The 
problem  is  also  freed  from  the  consideration  of  the  time  of 
efflux.  For  tliis  depends  now  on  the  velocity  of  the  pis- 
ton. It  is  still,  however,  a  very  intricate  problem  to  as- 
certain the  relation  between  the  time  and  the  density,  even 
though  the  piston  is  moving  umformly ;  for  at  the  begin- 
ning of  the  motion  the  air  is  of  common  density.  As  the 
jHSton  descends,  it  both  expels  and  compresses  the  air,  and 

^  the  density  of  the  air  in  the  vessel  varies  in  a  very  intricate 
manner,  as  also  its  resistance  or  reaction  on  the  piston. 
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For  thit  leisoBy  a  ptton  which  moves  imifiiniilj  by  means 
of  an  external  force  will  never  make  an  uniform  blast  by 
socoessive  strokes ;  it  will  always  be  weaker  at  the  begia* 
iring  of  the  stroke.  The  best  way  fbrsecuring  an  unifbns 
blast  is  to  employ  Ae  external  force  only  for  lifting  np  the 
piston,  and  then  toletthe  pbtondeseendbyitaownwiagfaL 
In  this  way,  it  will  qnickly  auk  down,  oompresnngthe  air^ 
till  its  denrity  and  corresponding  elasticity  exactly  balaaoc 
the  weight  of  the  piston.  After  this  the  piston  will  descend 
equably,  and  the  Uast  will  be  uniform.  These  observe, 
tions  and  theorems  will  serve  to  detenmne  the  initial  velo- 
city of  the  air  in  all  important  cases  of  its  expulsion.  The 
philosopher  will  learn  the  rate  of  its  efflux  out  of  one  ves" 
sel  into  another;  the  chemist  will  be  able  to  calculate  the 
quantities  of  the  different  gases  which  are  employed  in  the 
curious  experiments  of  the  ingenious  but  unfortunate  La* 
voisier  on  Combustion,  and  will  findthem  extremely  differ, 
ent  from  what  he  supposed ;  the  engineer  will  learn  how 
to  proportion  the  motive  force  of  this  machine  to  the  quan* 
tity  of  aerial  matter  which  his  bellows  must  supply.  But 
it  is  not  enough,  for  this  purpose,  that  the  air  begin  to  is- 
sue in  the  proper  quantity ;  we  must  see  whether  it  be  not 
affected  by  the  drcumstances  of  its  subsequent  passage. 

All  the  modifications  of  motion  which  are  observed  in 
water  conduits  take  place  also  in  the  passage  of  air  through 
pipes  and  holes  of  all  'kinds.  There  is  the  same  diminu- 
tjon  of  quantity  pasdng  through  a  hole  in  a  thin  plate  that 
is  observed  in  water.  We  know  that  (abating  the  small  ef» 
feet  of  friction)  water  issues  with  the  velocity  acquired  by 
falling  from  the  surface ;  and  yet  if  we  calculate  by  this 
velocity  and  by  the  area  of  the  orifice,  we  shall  find  the 
quantity  of  water  defident  nearly  in  the  proportion  of  63 
to  100.  This  is  owbg  to  the  water  pressing  towards  the 
orifice  from  all  ades,  which  occasions  a  contraction  of  the 
jet.  The  same  thing  happens  in  the  efflux  of  air.  Also 
the  motion  of  water  is  greatly  impeded  by  all  contractions 
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of  its  passage.  These  oblige  it  to  accelerate  its  velocity,  and 
tbereTore  require  an  increase  of  pressure  to  Ibrce  it  through 
tfaem,  aud  this  in  proportion  to  the  squares  of  the  veloci- 
ties. Thus,  if  a  machine  working  a  pump  causes  it  to  give 
a  certain  number  of  strokes  in  a  m'mute,  it  will  deliver  a 
determined  quantity  of  water  in  that  time.  Should  it  hap- 
pen tliat  the  passage  of  the  water  is  contracted  to  one  half 
in  any  part  of  the  machine  (a  thing  which  frequently  hap- 
pens at  the  valves),  the  water  must  move  through  this  con- 
traction with  twice  the  velocity  that  it  has  in  the  rest  of  the 
passage.  This  will  require  four  times  the  force  to  be  ex- 
erted on  the  [»ston.  Nay  (whidi  will  appear  very  odd, 
and  is  never  suspected  by  en^neers),  if  do  part  of  U]e  pa»> 
■age  is  narrower  than  the  barrel  of  tlie  pump,  but  on  tbe 
contrary  a  part  much  wider,  and  tf  the  conduit  be  again 
ocmtracted  to  the  width  of  the  barrel,  an  additional  force 
must  be  i^iplied  to  the  piston  to  drive  the  water  throu^ 
this  passage,  which  would  not  have  been  necessary  if  the 
passage  had  not  been  widened  in  any  part.  It  will  require 
a  force  equal  to  the  weight  of  a  column  of  water  of  the 
height  ttecesnry  for  commiuucating  a  velodty  the  square 
of  whkh  is  equal  to  the  (Ufference  of  tbe  squares  o£  the  ve> 
lodties  of  the  water  in  the  wide  and  tbe  narrow  part  of  the 
eonduiL 

.  The  same  thing  takes  place  in  the  motioD  of  air,  and 
therefore  all  contractions  and  dilatations  must  be  carefully 
•voided,  when  we  want  to  preserve  the  velodty  unim- 
paired. 

Air  also  sufiers  the  same  retardation  in  its  motion  along 
pipes.  By  not  knowing,  or  not  attending  to  that,  engi- 
neers of  the  firat  reputaUon  have  been  prodigiously  disap- 
pointed in  thtar  expectations  of  tbe  quanuty  of  air  which 
will  be  delivered  by  long  [npes.  Its  extreme  mobility  and 
lightness  hindered  them  from  suspecting  that  it  would  suf- 
fer any  sensible  retardation.  Dr  Papin,  a  most  ingenious 
maa^  pn^toeed  this  js  lbs  nwt  cfiectual  niethod  of  Uans- 


ferciiig  the  actkn  of  a  moying  power  to  a  gveat  distance. 
Suppose,  for  instance,  that  it  was  required  to, raise  water 
out  of  a  mine  by  a  water-machine^  and  that  there,  was.no 
fall  of  water  nearer  than  a  mile^s  distance.    He  employed 
this  water  to  drive  a  piston^  which  should  compress  the  air 
in  a  cylinder  communicating,  by  a  long  pipe,  with  aikiCher 
cylinder  at  the  mouth  of  the  mine.     This  second  cyUnder 
had  a  piston  in  it,  whose  rod  was  to  gkye  motion,  to  the 
pumps  at  the  mine.    He  expected,  that  as  socm  as  the  pis- 
ton at  the  water-machine  had  compressed  the  air  sufficient- 
ly, it  would  cause  the  air  in  the  cylinder  at  the  mine  to 
force  up  its  juston,  and  thus  work  the  pumps.    Dr  Hooka 
made  many  objections  to  the  method  when  laid  befixe  the 
Royal  Society,  and  it  was  much  ddated  therb    BiiAily- 
namics  was  at  this  time  an  infimt  science,  and  very  little 
understood.     Newton  had  not  then  taken  any  part  in  the 
business  of  the  sodety,  otherwise  the  true  objectiona  would 
not  have  escaped  his  sagacious  mind.     Notwithstanding 
Papin^s  great  reputation  as  an  engineer  and  mechamc,  he 
could  not  bring  his  scheme  into  use  in  England ;  but  af- 
terwards, in  France  and  in  Germany,  where  he  settled,  he 
got  some  persons  of  great  fortunes  to  emjdoy  lum  in  this 
project ;  and  he  erected  great  machines  in  Auvergne  and 
Westphalia  for  dnuning  mines.     But,  so  far  from:  being  ef- 
fective machines,  they  would  not  even  begin  to  move.    He 
attributed  the  failure  to  the  quantity  of  air  in  the  pipe  ol 
communication,  which  must  be  condensed  before  it  can  con- 
dense the  air  in  the  remote  cylinder.     Thb  indeed  is  true, 
and  he  should  have  thought  of  this  earlier.     He  therefore 
diminished  the  size  of  this  pipe,  and  made  his  water-mai- 
chine  exhaust  instead  of  condensing,  and  had  no  doubt  .but 
that  the  immense  vekxnty  with  which  air  rushes  into  a  void 
would  make  a  rapid  and  efPectual  communication  of  power. 
But  he  was  equally  disappmnted  here,  and  the  machine  at 
the  mine  stood  still  as  before. 

Near  a  century  after  tbia»  a  very  intelligent  enginpor  at-' 
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IbMtey  in  W«l«i. .  He' Meted  4  mWMK  «l:ifniiilK 
Mof  wtM^yiA^  «teiC»  if  ftfr  of  cglittltf MdH^flV 

HDfPUp^MI  Of  WaMSS  WW  OOMUMCU  VflnffOTWIWtHI 

and  *  htfy  jTiHte  k  #ifc  il^til  ttr  i  MMC-ftWifc  M 
BBiwiiiMnniiiiHg  evoy  aw  w.nw  iMPCSOiiflpnwpfi 
«cif  JiiNl^j^df  lii^  Ai^  Mtf  M  ansSOf «  jMi^il 

IWWUB  UllBy  MDw  Pro  gf^lWlB.  XlJifr  flnmVlMVHEBp 
wlHR  wlv  BUipnBl^'  8D9rv  IcIt  ImHWWHT  GHpHQ  ■«  Bi 

gUBct  especwa  an  mtcffSi  oc  q  ipiiwiwa  ou^» 

Saikry  dMbdl  lliMy  etti  Be  d^SiifeMtf  cms  lUialpi 
Mrt  iirtf  tfttjf'  deritii  ciMsidtfiCAB  iufeiffintf^  iii  tHdnliii' 
ttjif  ofe'titiM^tf  twMMMcfictt  t6  tBi)  BMBtiknoftnteit 

tSdty  6t  ^  t»,  and  itif  gf^  MnpreanASKty^  lurtepiCB 
t»  df^  difltiiteteflt  notioni  of  fiui£ty  in  gtii^J,  dioiriiig  «i 
hi  a  itrfly  thtt  ^ad  fiardlj  be  cantiovertl^,  <Iiat  Aepvfi- 
des  of  a  fluid  tfe  k6pt  rtt  a  dfotanoe  trdtit  e&eh  odiov  lad 
from  Mi^  hbilt^  by  tbe  oorposciilaj^  fitted  WeddL 
therefoif^  tiOee  this  dffp^itmsStf  to  gtVe  A  ii6#  df  Aeldb- 
jeet^  #bidi  did  notdbeiir  to  lU  #heii  tratfii^  of  ibe  mote 
dfurat^  ttpiped^  rtriaring  a  farditf  di^^tfanuii  to  the  g^ 
ticl^  BiVits,  WATER^oExa. 

The  #i%ers  dii  bydrodynamidd  bave  iiiwmf§  cauUM 
the  obstrcictioii  to  the  motion  of  fluidft  aloikig  canafe  otUf 
kind,  ad  oinrig  to  tometbing  Kke  tbe  frtefidh  hf  irbicb  fte 
motidn  of  solid  bodies  oii  each  other  is  bbitr'iitibsd ;  but  #e 
caniiot  form  to  oaruHtei  knj  disiiolct  odfioBi  df  reaemUaM^ 
or  even  Imalo^,  bet#e^  them.  The  ^  ia^  however,  tint 
8*fluid  itAihing  along  a  canal  has  tta  iUdticMi  dbMrtietad; 
and  that  this  obstruction  is  greatest  in  tbe  iintiieffiale  vii*> 
nity  of  the  solid  canal^  and  gradually  dknibtAea  fa  the 
midde  of  the  stietti.    It  appean^  tbatfoties  Alftl  die.  Jiftts 


of  fluids  eon  nb  ikiore  move  among  ttuii  other  than  amoBg 
Bolid  bbdies,  ^itbottt  buffering  a  diAniution  of  their  ma^ 
6oh.  Th6  paarts  m  pby^eri  oonttfet  iirkh  ther  tides  and 
botto«i  Arte  ifeMded  by  these  ItQnAnredbie  boidHes.  Tim 
particles  of  the  ruftt  Strtftnm  of  fletkl  eamibt  preserve  thcit 
initiat  vdkxaties  ivitbout  oierpisshi^g  the  paftides  of  the 
first  stratum ;  liod  it  appeal  from  thef  faet  that  they  are 
by  thi^  Aeasur  retttded.  They  f^tmA  ift  the  same  manner 
the  paaKid^  of  die  dui^  sMttim^  attd  a«r  dft  to  the  middle 
stratum  or  AiMd  of  fluid.  It  Bfp€a^  ttam  tfa«  faot^ 
therefore)  that  this  Mftt  of  friction  is  not  a  ceioasquence  of 
rig^ly  alone,  bttt  that  it  is  equAlly  caiOfmeni  to  fluids. 
Nay,  since  it  is  a  xnattet  of  fact  hi  aif y  and  is  even  bforo 
remarkable  titers  thad  in  any  other  fluid,  as  w6  shall  see  by 
the  exp6rimeieits  which  httv'e  faeelfi  iinade  oti  the  suligeet  j 
and  a^  oui^  experiments  on  the  compression  of  ur  shoir  us 
the  particles  of  air  ten  times  nearer  to  ^ach  other  in  some 
eases  than  in  others  (viz.  when  we  see  aar  a  th6tiifand  times 
denser  in  these  eases)^  and  therefore  ftyrce  us  to  acknow- 
ledge that  they  are  not  iii  contact ;  it  is  plcdn  that  this  ob- 
struction has  no  analogy  to  friction,  which  supposes  rough- 
ness or  inequality  of  surface.  No  such  inequality  can  be 
supposed  in  the  sur&ce  of  an  aerial  particle ;  nor  would  it 
be  of  any  service  in  explaimng  the  obstruction,  since  the 
particles  do  not  rub  on  each  other,  but  pass  each  other  at 
Some  small  and  imperceptible  distHnoe. 

We  must  therefore  have  recourse  to  Some  other  mode  of 
explicfation.  We  shall  apply  this  to  sit  only  in  this  place ; 
and,  since  it  is  proved  by  the  uncontrovertible  experiments 
tif  Canton,  Zimmerman,  and  others,  that  water,  mercury, 
oil,  &C;  are  also  cdmpresnble  and  perfitefly  elastic,  the  ar- 
gument from  this  principle,  which  is  conclusive  in  air,  must 
equally  explain  the  similar  phenomenon  in  hydraulics. 

The  iliost  highly-polished  body  which  we  know  must  be 
conceived  as  hating  an  uneven  surface  when  we  compare  it 
with  the  small  spaces  iii  which  the  eorpnscukr  finrces  are 


anted;  undrnqm^  of  air  MWingnffJawdpft 
may  be  oompared  to  a  quantity  •  o^«BaH  dbM  Ai^^ 
a duumd  with  uodulatod  sides  sad- bsCtSBi.   Tktvmd 
particlea  immediatdy  cuaUjgttmis  to  fliie  aklBiwiHawfcw 
haTe  an  imdulaled  moCioii :  but  tlliauiiduktkstif  datti. 
tiguous  particles  of  ttr  win  not  lie  so  great  si  dat  tfle 
aurfaoe  along  whidi  they  glide;  ftrnot  ofdyercrfSBtin 
lequiies  fbcoe  to  ptodnoe  i^  bntslao  erccy  ckny  flf  ■i' 
tioa.    The  particles  of  air  zesint  tUi  disnge  finaantfi- 
lineal  to  an  undukting  motion;  sndy  bciqg  dbsli^  ttei^ 
repelliogeach  odier  and  odier^  faodka^  tiiqr  bcpiiKie 
nearer  to  the  surfitoe  as  they  are  psaaimg  over  as  esnon^ 
and  their  path  is  less  incunrated  tiisn  the  smfitt  Ik 
difference  between  the  motkn  of  die  psrtidlea  of  airadlAe 
partides  of  a  fluid  quite  imelastie  is^  in  tluB  mpeel^  ane- 
what  like  the  <fiffi»enoe  between  the  motion  of  s  j|i% 
eanriage  and  that  of  a  common  carriage.     Whm  deeoa- 
mon  carriage  passes  along  a  road  not  perfectly  moooA,  tiie 
line  described  by  the  centre  of  grsTity  of  the  cairiqekup 
perfecdy  paralld  to  that  described  by  the  axis  of  thewlitfli» 
rising  and  fidling  along  with  it.     Now  let  a  spriog  iNxffbe 
put  on  the  same  wheels  and  pass  along  the  saae  rosd. 
When  the  axis  rises  over  an  eminence  perfa^ia  hsif  miiKb, 
smks  down  again  into  the  next  hollow,  and  then  liso  a  se- 
cond time,  and  so  on,  the  centre  of  gravity  of  the  bodj  de- 
scribes a  much  straighter  line ;  for  upon  the  risbgflf  die 
wheels,  the  body  resists  the  motion,  and  oompresa  the 
springs,  and  thus  remains  lower  than  it  would  have  been 
had  the  springs  not  been  interposed.     In  like  manner,  it 
does  not  sink  so  low  as  the  axle  does  when  the  wheeb  go 
into  a  hollow.    And  thus  the  motion  of  spring-csiriiges 
becomes  less  violently  undulated  than  the  noad  aloi^  vhicb 
they  pass.      This  illustration  wiU,  we  hope,  enable  the 
reader  to  conceive  how  the  deviation  of  the  partides  moX 
to  the  ades  and  bottom  of  the  canal  from  a  lectiBncsl  nKV 
tion  b  lees  than  that  of  the  canal  ii 
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It  is  evident  that  the  same  reasoning  will  prov#  that  the 
uoduUtion  of  the  next  row  of  particles  will  be  less  than 
that  of  the  first,  that  the  undulation  of  the  third  row  will 
be  less  than  that  of  the  second,  and  so  on,  as  is  repre- 
sented in  Fig.  88.  And  thus  it  appears,  that  while  the 
mass  of  ait  has  a  progressive  moticHi  along. the  pipe  or 
canal,  each  particle  is  describing  a  waving  line,  of  which  a 
line  parallel  to  the  direction  of  the  canal  is  the  axis,  cut- 
ting all  these  undulations.  This  axis  of  each  undulated 
path  will  be  strai^t  or  curved  as  the  canal  is,  and  the  ex* 
cursions  of  the  path  on  each  nde  of  its  axis  will  be  less  and 
less  as  the  axis  of  the  path  is  nearer  to  the  axis  of  the 

Let  us  now  see  what  sensible  efiect  this  will  have ;  for 
all  the  motion  which  we  here  speak  of  is  imperceptible.  It 
is  demonstrated  in  mechanics,  that  if  a  body  moving  with 
any  velocity  be  deflected  from  its  rectilineal  path  by  a  curv- 
ed and  perfectly  smooth  channel,  to  which  the  rectilineal 
path  is  a  tangent,  it  will  proceed  along  this  channel  with 
undiminished  velocity.  Now  the  path,  in  the  present  case, 
may  be  considered  as  perfectly  smooth,  »nce  the  particles 
do  not  touch  it  It  is  one  of  the  undulaticms  which  we  are 
conndering,  and  we  may  at  present  conceive  this  as  with- 
out any  subordinate  inequalities.  There  should  not,  there- 
fore^ be  any  dinunution  of  the  velodty.  Let  us  grant  this 
of  the  absolute  velocity  of  the  particle ;  but  what  we  ob- 
serve is  the  velocity  of  the  mass,  and  we  judge  of  it  per- 
haps by  the  motion  of  a  feather  earned  along  by  it  Let 
us  suppose  a  single  atom  to  be  a  sensible  object,  and  let  us 
attend  to  two  such  particles,  one  at  the  side,  and  the  other 
in  the  middle :  although  we  cannot  perceive  the  undula- 
tions of  these  particles  during  their  progressive  motions,  we 
see  the  progresuve  motions  themselves.  Let  us  suppose 
then  that  the  middle  particle  has  moved  without  any  un- 
dulation whatever,  and  that  it  has  advanced  ten  feet  The 
lateral  particle  will  also  have  moved  ten  ffset ;  but  this  has 
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not  been  in  a  «tr:ught  line.  Il  will  not  be  so  far  advanced, 
therefore,  in  the  direction  of  the  canal ;  it  will  be  lel^  bo' 
hind,  and  will  appear  to  us  to  have  been  retarded  in  its 
ntotioD  :  and  in  like  manner  each  thread  of  particles  will  be 
more  and  more  retarded  (apparently  only)  as  it  recedes  far- 
ther from  the  axis  of  the  canal,  err  what  is  usually  called 
the  thread  of  the  stream. 

And  thus  the  observed  fact  is  shown  to  be  a  necessary 
Consequence  of  what  we  know  to  be  the  nature  of  a  com- 
ptessible  or  elastic  fluid ;  and  that  without  supposing^  any 
diminution  in  the  real  velocity  of  each  particle,  there  will 
be  a  diminution  of  the  velocity  of  the  sensible  threads  at 
the  general  stream,  and  a  diminution  of  the  whole  quantt^ 
of  air  which  paases  along  it  during  a  given  time. 

Let  us  now  suppose  a  parcel  of  air  impctied  along  a  pi|te, 
which  IS  perfectly  smooth,  out  of  a  larger  vessel,  and  issi^ 
ing  from  this  pipe  with  a  certain  velocity.  It  retjuirea  a 
certain  force  to  change  its  velocity  in  the  vessel  to  the 
greater  velocity  which  it  has  in  the  pipe.  This  is  abnnd- 
antly  demonatrated.  How  long  soevef  we  aoppftse  this 
fnpe,  there  will  be  no  change  in  the  tdocity,  or  in  the 
fbrce,  to  keep  it  up.  But  let  us  ftup]y>se,  that  about  the 
middle  of  this  pipe  there  is  a  part  of  it  which  has  soddenly 
got  an  undulated  surface,  however  imperceptible.  L«t  us 
ftirther  suppose  that  the  final  velocity  of  the  middle  thread 
is  the  same  as  before.  In  this  case,  it  is  evident  that  the 
Sum-total  of  the  motions  of  all  the  particles  is  greater  than 
before,  because  the  absolute  inotions  of  the  lateral  particles 
Is  greater  than  that  of  the  central  particle,  which  we  sup- 
pose  the  same  as  before.  This  absolute  increase  of  motion 
cannot  be  without  an  increase  of  propelling  fbrce :  the  fbrce 
acting  now,  therefore,  must  be  greater  than  th«  forte  wA- 
iag  formerly.  Therefore,  if  only  the  former  force  had  cod- 
tUiued  to  act,  the  same  motion  of  the  central  particle  could 
not  have  been  preserved,  or  the  progrcsnve  motion  of  die 
whole  stream  Aust  be  ditttibished. 
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Awl  thug  we  flee  that  this  internal  insea^blq  undulatory 
motion  becomes  a  real  obstruction  to  the  sensible  motion 
whic^  we  observe^  and  oocanons  an  expense  of  power. 

Let  us  see  what  will  be  the  consequence  of  extending 
this  obstructing  sui£m»  further  along  the  canal.  It  niust 
evidently  be  accompanied  by  an  augmentation  of  the  mp- 
tion  produced,  if  the  central  velocity  be  still  kept  up ;  for 
the  particles  which  are  now  in  contact  with  the  sides  do  not 
continue  to  occupy  that  situation:  the  middle  particles  mov- 
ing ig^ter/brward  get  over  them,  and  in  their  turn  come  next 
the  side ;  and  as  they  are  really  moving  equally  fast,  but  not 
in  the  direction  into  which  they  are  now  to  be  forced,  force 
is  necessary  for  changing  the  direction  also ;  and  this  is  i^ 
addition  to  the  force  necessary  for  producing  the  undula- 
tions so  minutely  treated  of.  The  consequence  of  this  must 
be,  that  an  additional  force  will  be  necessary  for  preserv- 
11^  a  given  progressive  motion  in  a  longer  obstructing  pipCf 
and  that  the  motion  produced  in  a  pipe  of  greater  length 
by  a  given  force  will  be  less  than  in  a  shorter  one,  and  the 
efflux  will  be  diminished. 

There  is  another  consideration  which  must  have  an  in- 
fluence here.  Nothing  is  more  irrefragably  demonstrated 
than  the  necesdty  of  an  additional  forc^  for  producing  an 
efflux  through  any  contraction,  even  though  it  should  be 
succeeded  by  a  dilatation  of  the  passage.  Now  both  the 
inequalities  of  the  sides  and  the  undulations  of  the  motions 
of  each  particle  are  equivalent  to  a  succes^on  of  contrac- 
tions and  dilatations ;  although  each  of  these  is  next  to  in- 
finitely small ;  their  number  is  also  next  to  in^tely  great^ 
and  thei^fore  the  total  effect  may  be  sensible. 

We  have  hitherto  supposed  that  the  absolute  velocity  of 
the  particles  was  not  dinunished  :  this  we  did,  having  .as- 
sumed that  the  interval  of  each  uudulation  of  the  sides  was 
without  inequalitiok  But  this  was  gratuitous :  it  was  also 
gratuitous  that  tl^e  .»des  w^re  only  wdulated.  We  have 
no  reason  for  excluding  aogubur  asp^ti^s.    These  will 


pitodiiee^  and  moH  oerfadnl/  atbea  fltodtai^  tei  cWho. 
tions  in  the  vdoaty  of  the  coaHigQxmB  pidrtiolBi;  «d  tUi 
must  extend  to  the  Tery  «xiB  of  the  cknid,  wsod  ptkatt  i 
dunmutionof  thesumtObdof  motioiit  and  in  oriferHpB* 
serve  the  same  aennUe  progreanTe  moiioa,  m  gmlcrliRa 
most  be  employed.  This  ia  nil  thrt  am  lie  nakat  hfmf^ 
ing  that  there  is  a  reajstance  to  the  motioii  of  dr  thnfk 
longptpes. 

There  remains  another  cause  of  diminudon^  m  Ae 
want  of  perfect  fluidity,  whether  arinng  from  thtf  dnai- 
nation  of  solid  particles  in  a  real  fluid,  at  fiom  tbevanfitf 
of  the  fluid.   We  shall  not  msist  on  this  att  present,  baaae 
it  cannot  be  shown  to  obtttn  in  air,  at  least  in  sd^cw 
which  deserves  consideration.     It  aeeniB  of  no  iui|aUsa 
to  determine  the  motion  of  lur  hurrying  along  widi  itaiot 
or  dust    The  effect  of  fogs  on  a  porticQlar  modBfieatiflaof 
the  motion  of  tir  will  be  considered  under  the  tridt 
Sound.     What  has  been  said  on  this  subject  »  mdSdeBt 
for  our  purpose,  as  explaining  the  prodigious  and  ime£- 
pected  obstruction  to  the  passage  of  air  through  kng  aid 
narrow  pipes.     We  are  able  to  collect  an  important  manm 
from  it,  viz.  that  all  pipes  of  communication  should  bemsde 
as  wide  as  circumstances  will  permit :  for  it  is  plan  dial 
the  obstruction  depends  on  the  internal  surface,  and  the 
force  to  overcome  it  must  be  in  proportion  to  the  mss  of 
matter  which  is  in  motion.     The  first  increases  as  the  dis- 
meter  of  the  pipe,  and  the  last  as  the  square.     The  ob- 
struction must  therefore  bear  a  greater  prc^rtion  to  die 
whole  motion  in  a  small  pipe  than  in  a  large  one. 

It  were  very  desirable  to  know  the  law  by  which  the  le- 
tardation  extends  from  the  axis  to  the  sid^  of  the  ctnal, 
and  the  proportion  which  subsists  between  the  lengths  of 
canal  and  the  forces  necessary  for  overcoming  the  obstnie* 
tions  when  the  velodty  is  given ;  as  also,  whether  the  pro- 
portion of  the  obstruction  to  the  whole  motion  varies  witb 
tile  velocity :  but  all  this  is  unknown.     It  does  not,  hov- 
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ever,  teon  a  desperate  case  in  air :  we  know  pretty  distinctly 
the  law  of  action  among  its  particles,  viz.  that  time  mu- 
tual rejhilsions  are  inversely  as  their  distances.  This  pro- 
mises to  enable  us  to  trace  the  progress  of  undulation  from 
the  ^es  of  the  canal  to  the  axis. 

We  can  see  that  the  retardations  will  not  increase  so  fast 
as  the  square  of  the  velocity.  Were  the  fluid  incompresa- 
ble,  so  that  the  undulatory  path  of  a  particle  were  inva- 
riable, the  deflecting  forces  by  which  each  individual  par- 
ticle is  made  to  describe  its  undulating  path  would  be  pre- 
cisely such  as  axise  from  the  path  itself  and  the  motion  in 
it ;  for  each  particle  would  be  in  the  situation  of  a  body 
moving  along  a  fixed  path.  But  in  a  very  compressible 
fluid,  such  as  air,  each  particle  may  be  considered  as  a  so- 
litary body,  actuated  by  a  projectile  and  a  transverse  force, 
arising  from  the  action  of  the  adjoining  particles.  Its 
motion  must  depend  on  the  adjustment  of  these  forces,  in 
the  same  manner  as  the  elliptical  motion  of  a  planet  de- 
pends on  the  adjustment  of  the  force  of  projection,  with  a 
gravitation  inversely  proportional  to  the  square  of  the  dis- 
tance from  the  focus.  The  transverse  force  in  the  present 
case  has  its  origin  in  the  pressure  on  the  air  which  is  pro- 
pelling it  along  the  pipe :  this,  by  squeezing  the  particles 
together,  brings  their  mutual  repulsion  into  action.  Now 
it  is  the  property  of  a  perfect  fluid,  that  a  pressure  exerted 
on  any  part  of  it  is  propagated  equally  through  the  whole 
fluid  ;  therefore  the  transverse  forces  which  are  excited  by 
this  pressure  are  proportional  to  the  pressure  itself :  and 
we  know  that  the  pressures  exerted  on  the  surface  of  a 
fluid,  so  as  to  expel  it  through  any  orifice,  or  along  any 
canal,  are  proportional  to  the  squares  of  the  velocities 
which  they  produce.  .  Therefore,  in  every  pcnnt  of.  the  un- 
dulatory motion  of  any  particle,  the  transverse  force  by 
which  it  is  deflected  into  a  curve  is  proportional  to  the 
square  of  its  velocity.  When  this  is  the  case,  a  body  would 
continue  to  describe  the  same  curve  as  before ;  but,  by  the 


I  lew  ineuralid  in .rfiR.  Illi  >pM»s-MMPVi!lk# 

■Trnr-ilrlT  fr mi  ril'  "WTt jItit  m jMiii  fmimM\Mk 

■haiifhiiiily  copfiwiai  fcy  iii^tji  wiiiato»ihf|i«wlMbP>^ 
^mU  lee  wlin  ainnieriii^  the  noC^  W$km 

iluft  opt— ikm  of  diopt.  oiliml  wmmv  Hlbiil 
Audky  in  genend. 

'We  wpuld  bcig'Ieiife  to  jnenlioo  •  £>rm  at 
tot  difloaveriiig die  law  rfrrtardfttiop  with  iomiAnHr ffi^ 
curacj.  Experimeats  iiave  been  made  on  pipan  miof^ 
M .  Bonut,  in  his  H^dtoigfrnrnmique^  btm  jirai  A  M7 
beautiful  set  made  on  fiipM  of  an  inohiandjkwPiidbwA 
meter^-andlUK)  feet  long:  but  although  tfafpejOKyaipeMl 
are  very  instructive^  they  do  not  give  ua  any  rafe  If  ^iM 
we  can  extend  -the  lesult  to  fipea  of  .g^eatsri^^tf^ 
different  diameters. 

Let  a  smooth  cylinder  be  set  uprigjht  im  m  snyN^ 
vessel  w  pond,  and  be  moveable  wand  iia.ajBs.s  JtatAh 
4i»ned  lound  hy  meaaaof  a3vrfieel«Qdpiilley,4rithsBa» 
ibrm  motion  wad  deterauDsd  'velockgr.  it  ovill.aetf^ 
eame  fisrce^on  the  oontiguous  'Water  iwhioh  iSQ^dd-fae 
ed  on  it  by  wi^  turning  lound^itiwith  4he  jsipir  m1 
wd  as  this  water  would  hme  i^  maliesi  geadindly  ^ 
ed  by  the  fixed  oy^indar,  ao  the  anoviagijspliiidBr  aril^ 
dually  communioate  motioato  the  aueaoowiii^  arnica  Sk 
should  observe  4he  miCer  flmdualMr  ^iiManik^Miadifar  Jl{ 
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and  the  tcnrtex  would  extend  further  and  further  from  it 
as  th^  motion  is  ocmtinued,  and  the  velocities  of  the  parts 
of  the  vortex  will  be  less  and  less  as  we  recede  from  the 
axis.  Now,  we  apprdiend,  that  when  a  point  of  the  sur- 
ftoe  of  the  cylinder  has  moved  over  800  feet^  the  moiionnS 
the  water  at  different  distances  from  it  will  be  aimilar  and 
proportional  to^  if  not  precisely  the  same  with,  the  rekuria^ 
iions  of  water  flowing  200  feet  at  the  same  distance  from 
the  side  of  a  canal :  at  any  rate*  the  two  are  susceptible  of 
an  accurate  comparison,  and  the  law  of  retardation  may  be 
accurately  deduced  from  observations  made  on  the  motions 
of  this  vortex. 

Air  in  motion  is  a  very  familiar  olgect  of  observation ; 
and  it  b  interesting.  In  all  languages  it  has^got  a  name ; 
we  call  it  wind :  and  it  is  only  upon  reflection  that  we  con- 
sider air  as  wind  in  a  quiescent  state.  Many  persons  hard- 
ly know  what  b  meant  when  air  is  mentioned ;  but  they 
cannot  refuse  that  the  blast  from  a  bellows  is  the  expulsicm 
of  what  they  contained;  and  thus  they  learn  that  wind  is 
air  in  motion. 

It  is  of  consequence  to  know  the  vekxaty  of  wind ;  but 
no  good  and  unexceptionable  method  has  been  contrived 
for  this  porpoae.  The  best  seems  to  be  by  measuring  the 
apace  passed  over  by  the  shadow  of  a  doud ;  but  thisis 
extremely  fSdladous.  In  the  first  place,  it  is  certain,  that 
although  we  suppose  that  the  cloud  has  the  veioci^  of  the 
air  in  which  it  is  canned  akxig,  this  is  not  an  exact  measure 
of  the  current  on  the  surface  o£  the  earth ;  we  may  be  al- 
most certain  that  it  is  greater :  {or  air,  like  all  other  fluids, 
is  retarded  by  the  sides  and  bottom  of  the  channel  in  which 
it  moves.  But,  in  the  next  place,  it  is  very  gratuitous  to 
suppose,  that  the  vekxnty  of  the  ck>ud  is  the  velocity  of 
the  stratum  of  air  between  the  doud  and  the  earth;  we  are 
almost  certain  that  it  is  not.  a  It  is  abundantly  proved  by 
Dr  Hutton  of  Edinburgh,  that  douds  are  always  formed 
when  two  parcels  of  m  of  difierent  temperatures  mix  to- 
gether, each  containing  a  proper  quantity  of  va^ur  \u  iK^ 

Vol.  Ill  2  Y 
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state  of  chemical  solution.  We  know  tluU  diffieiait  stn 
of  air  will  frequently  flow  in  difl[«reat  durectionifiir  a  la 
time.  In  1781,  while  a  great  fleet  rendearouaediaLcii 
Roods  during  the  Dutch  war,  there  was  a  brisk  evlff 
wind  for  about  five  weeks  ;  and,  during  the  last  iortini 
of  this  period)  there  was  a  brisk  westerly  curreBtitl 
height  of  about  f  of  a  mile.  Tbis  was  distincdj  indioi 
by  frequent  fleecy  clouds  at  a  great  distance  dxyves  bi 
stratum  of  these  clouds,  which  were  driving  all  this  tn 
fram  the  eastward.  A  gentleman  who  was  at  the  segt 
Quebec  in  1759,  informed  us,  that  one  day  while  2/m 
blew  a  gale  from  the  west,  so  hard  that  the  ships  at  sndic 
in  the  river  were  obliged  to  strike  their  topmasis,  ail  i 
was  with  the  utmost  difficulty  that  some  weU-manaed  boi 
could  row  against  it,  carrying  some  artillery  stores  lo  a  po 
above  the  town,  several  shells  were  thrown  from  the  M 
to  destroy  the  boats :  one  of  the  shells  burst  in  theak-  nei 
the  top  of  its  flight,  which  was  about  half  a  mik  hiff 
The  smoke  of  this  bomb  remained  in  the  same  spot  fo 
above  a  quarter  of  an  hour,  like  a  great  round  ball,  an 
gradually  dissipated  by  diffusion,  without  removing  nan 
yards  from  its  place.  When,  therefore,  two  strata  of  <i 
come  from  diiferent  quarters,  and  one  of  them  tiem%  o^e 
the  other,  it  will  \ye  only  in  the  contiguous  surfaces  that 
precipitation  of  vapour  will  be  made.  This  will  form 
thin  fleecy  cloud;  and  it  will  have  a  velocity  and  direcoo 
which  neither  belongs  to  the  upper  nor  to  the  lower  itn 
turn  of  air  which  produced  it.  Should  one  of  these  stxaf 
come  from  tlie  east  and  the  other  i'rom  the  west  with  equ 
velocities,  the  cloud  formed  between  them  will  have  no  m 
tion  at  all ;  should  one  come  from  tlie  cast,  and  the  oth 
from  the  north,  the  cloud  will  move  from  the  nortb-« 
with  a  greater  velocity  than  either  of  the  strata.  So  uno 
tain  then  is  the  inibrniation  given  by  the  clouds  either 
the  velocity  or  the  direction  of  the  wind.  A  tliick  amo 
i'rom  a  furnace  will  give  us  a  much  less  equivocal  measui 
and  this,  couvbmcd  Nvvt.l\  live  effects  of  the  wind  in  iuip 
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En^  kkfii^,  or  dgdeetihg  a  loaded  planef  fronli  fhe 
euiat,  0t  ijther  eSttots  of  flih  kind,  msf  pre  Us  meaftites 
of  tb(6  difiVitent  curtoMs'of  wind  with  a  precinon  sufficient 
fen*  all  pttt&itii  trijes. 

The  deldhMhted  en^ecf  Mr  JobA  Smeaton  has  giiren, 
in  th^  51ft  tbitftne  of  the  Philosibphical  Transaclions,  the 
t^ldciljfid  of  #ind  cbr^e^sponding  io  the  usual  denoiUinatioii^ 
ift  olilf  ktigiiage.  Tbefl^*  are  fodfided  on  a  great  ntAnbcJf 
of  6b#6rtatioM8  made  by  himself  in  the  course  of  Ins  prac- 
tice itt  et^^rig  witfd-mtlls.  They  are  cotitained  in  the 
fUIo^ing  table : 


MUflt 

per 

hour. 


Feet 
mooikL 


Names. 


1 

l.4flr 

i 

^,93 

s 

MO 

4 

537 

5 

T* 

IS 

U,67 
*8, 

SD 

2934 

25 

36,67) 

L«ht 


Bifatgile. 
Fresh' gAl& 


Miles 

hour. 
30 
35 
40 
45 
50 
00 

80 
100 


Feet 
per 


Names. 


5134  f  Strong  ^rie. 

Qg^  J  Storm. 
ii'TOit  r  Hurricane,  tearing  up 


See  ako  some  valuable  experiments  by  him  on  this  sub- 
ject. Philosophical  Transactions  1760  and  1761. 

One  of  the  most  ingenious  and  convenient  methods  for 
measuring  the  velocity  of  the  wind  is  to  employ  its  ]^!ies8ure 
in  supporting  a  column  of  water,  in  the*  same  way  m  Mff 
Pit(^  measures  the  velocity  of  a  current  of  water.  We 
believe  that  it  was  first  proposed  by  Dr  James  Lyfid  of 
Windsor,  a  gentleman  eminent  for  his  great  kaiowlec^in 
all  the  branches  of  natural  science,  and  for  bis  ingenuity 
in  every  matter  of  experiment  or  practicid  applicadoa. 

His  anemometer  (as  these  instruments  are  called)  con- 
sists of  a  glass  tube  of  the  form  ABCD  (Fig.  84^)  ^pen  at 
both  ends,  ^d  having  the  branch  AB  at  ri^t  angien  to' 
the  branch  CD.  This  tube  contuns  a  few  inches  of  water 
or  any  fluid  (the  lighter  the  better) ;  it  is  held  with  the 
part  CD  upright,  and  AB  horizontal  and  in  the  direetion  of 
the  wind ;  that  is^  with  the  mouth  A  fnmtiiig  the  wind. 
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The  wind  acts  in  the  way  of  pteasure  on  thtf  air  m  AB, 
compresses  it,  and  causes  it  to  press  on  the  sinfiee  of  tk 
liquor ;  fordng  it  down  to  F,  while  it  rises  to  £  in  die 
other  leg.  The  velocity  of  the  wind  is  ocmcludedfiaBdie 
difference  E^^between  the  heights  of  the  liquor  in  thelegi. 
As  the  wind  does  not  generally  blow  with  unifixm  ^ 
atjy  the  liquor  is  apt  to  danc^e  in  the  tube,  and  ro- 
der  the  observation  difficult  and  uncertain :  to  remedj  diis, 
it  is  proper  to  contract  very  much  the  oonnnunicstioD  itC 
between  the  two  Ic^  If  tlie  tube  has  half  an  ioch  of 
diameter  (and  it  should  not  have  less),  a  hole  of  j'^  of  an 
inch  is  large  enough;  indeed  the  hole  can  hardljbetoo 
small,  nor  the  tubes  too  large. 

This  instrument  is  extremely  ingenious,  and  vill  un- 
doubtedly ^ve  the  proportions  of  the  velocities  of  different 
currents  with  the  greatest  preciaon ;  for  in  wbaterer  wajr 
the  pressure  of  wind  is  produced  by  its  motion,  we  are  cer- 
tain that  the  different  pressures  are  as  the  squares  of  the 
velocities :  if,  therefore,  we  can  obtain  one  certam  measure 
of  the  velocity  of  the  wind,  and  observe  the  degree  to  whidi 
tlie  pressure  produced  by  it  raises  the  liquor,  we  can  at  aU 
other  times  observe  the  pressures  and  compute  the  relocities 
from  them,  making  proper  allowances  for  the  tempoature 
and  the  height  of  the  mercury  in  the  barometer;  because  the 
velocity  will  be  in  the  subduplicate  ratio  of  the  denaty  of 
the  air  inversely  when  the  pressure  is  the  same. 

It  is  usually  concluded,  that  the  velocity  of  the  wind  is 
that  which  would  be  acquired  by  falling  from  a  hdght 
which  is  to  Eyas  the  weight  of  water  is  to  that  of  an  equal 
bulk  of  air.  Thus,  supposing  air  to  be  840  times  lighter 
than  water,  and  that  E/*is  ^"5  of  an  inch,  the  velocity  vill 
be  about  (iS  feet  per  second,  which  is  that  of  a  very  hard 
gale,  approaching  to  a  storm.  Hence  we  see  by  the  bye, 
that  the  scale  of  this  instrument  is  extremely  short,  and 
that  it  would  be  a  great  improvement  of  it  to  make  the  k^ 
CI)  not  perpendicular,  but  very  much  sloping ;  or  perhaps 
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the  fbUowing  form  of  the  instrument  will  give  it  all  the  per- 
fection of  which  it  is  capable.  Let  the  horizontal  branch 
AB  (Fig.  86.)  be  contracted  at  B,  and  continued  horizon- 
tally for  several  inches  BG  of  a  much  smaller  bore,  and 
then  turned  down  for  two  or  three  inches  6C,  and  then 
upwards  with  a  wide  bore.  To  use  the  instrument,  hold  it 
with  the  part  DC  perpendicular ;  and  (having  sheltered 
the  mouth  A  from  the  wind)  pour  in  water  at  D  till  it  ad- 
vances alpng  6B  to  the  pcnnt  B,  which  is  made  the  begin- 
ning of  the  scale ;  the  water  in  the  upright  branch  stand- 
ing aty  in  the  same  horizontal  line  ¥dth  BG.  Now,  turn 
the  mouth  A  to  the  wind ;  the  eiv  in  AB  will  be  compress- 
ed, and  will  force  the  water  along  BG  to  F,  and  cause  it  to 
rise  fromy  to  E ;  and  the  rangeyE  will  be  to  the  range 
BF  on  the  scale  as  the  section  of  the  tube  BG  to  that  of 
CD.  Thus,  if  the  width  of  DC  be  ^  an  inch,  and  that  of 
BG  T^j,  we  shall  have  S5  inches  in  the  scale  for  one  inch  of 
real  pressure  Bf. 

But  it  has  not  been  demonstrated  in  a  very  satisfactory 
manner,  that  the  velocity  of  the  wind  is  that  acquired  by 
falling  through  the  height  of  a  column  of  air  whose  weight 
is  equal  to  that  of  the  column  of  water  E/  Experiments 
made  with  Pitot's  tube  in  currents  of  water  show  that  se- 
veral  corrections  are  necessary  for  concluding  the  velocity 
of  the  current  from  the  elevations  in  the  tube:  these  cor- 
rections may  however  be  made,  and  safely  appUed  to  the 
present  case ;  and  then  the  instrument  will  enable  us  to 
conclude  the  velocity  of  the  wind  immediately,  without  any 
fundamental  comparison  of  the  elevation,  with  a  velocity 
actually  determined  upon  other  principles.  The  chief  use 
which  we  have  for  this  information  is  in  our  employment 
of  wind  as  an  impelling  power,  by  which  we  can  actuate 
machinery  or  navigate  iBhips.  These  arc  very  important 
applications  of  pneumatical  doctrines,  and  merit  a  particu- 
lar consideration ;  and  this  naturally  brings  ua  to  the  last 
part  of  our  subject,  viz.  the  consideration  of  the  impulse  of 
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ur  on  }xidi^  exposed  to  iu  actioQ,  and  then niatiuuiwlBck 
it  oppoeies  to  the  passage  of  bocjiea  througl^  iL 

This  is  a  subject  of  thp  greatest  impoitipip^ ;  bapg  the 
foundatiop  of  that  art  whidi  hn  done  the  g^reptesl  hem 
to  the  ingenuity  of  man,  and  the  greatest  BBfinot  to  bom 
sodety,  by  oonnecting  together  the  DBoat  diftast  iahikt 
tants  of  this  globe,  and  making  a  oommunicatkxi  of  hc» 
fits  which  would  otherwise  have  been  impooible;  weimn 
the  art  c^  Navigation  or  Seamanship.     Of  all  the  uncbna 
which  human  art  has  construct^,  a  ahip  ianotoviydie 
greatest  and  most  magnificent^  but  al^  the  moft  iDgoDoitt 
and  intricate ;  and  the  clever  aeaman  pogaesaes  a  Ipioivlcdge 
founded  on  the  most  difficult  and  abstruse  doetrines  of  ii»- 
chanics.     The  seaman  probably  cannot  give  any  mxfM 
of  his  own  science ;  and  he  possesses  it  rather  by  a  }faid 
intuition  than  by  any  process  of  reasoniug :  bat  the  m> 
cess  and  efficacy  of  all  (the  mechanism  of  this  conplbijifd 
engine,  and  the  propriety  of  all  the  mancepvres  whidi  the 
seaman  practises,  depend  on  the  invariable  laws  of  ave- 
chanics ;  and  a  thorough  knowledge  of  these  wpdd  eoabb 
an  intelligent  person  not  only  to  understand   the  Duchme 
and  the  manner  of  working  it,  but  to  improve  both. 

Unfortunately  this  is  a  subject  of  very  great  difficulty ; 
and  although  it  has  employed  the  genius  of  Newton,  and 
he  has  considered  it  with  great  care,  and  his  followers  hive 
added  more  to  his  labours  on  this  subject  than  on  any  oUkT) 
it  still  remains  in  a  very  im{)crfect  state. 

A  minute  discussion  of  this  subject  cannot  therefore  be 
expected  in  a  work  like  this ;  wc  must  contenl^  ourselves 
with  such  a  general  statement  of  the  most  approved  doc- 
trine on  the  subject  as  shali  enable  our  readers  to  oonpave 
it  distinctly,  and  judge  with  intelligence  and  confidence  of 
the  practical  deductions  which  may  be  made  from  it. 

It  is  evidently  a  branch  of  the  general  theory  of  the  iin- 
pulsc  and  resistance  of  fluids,  which  should  have  been 
treated  of  under  the  article  Hydraulics,  but  w^s  then  de- 


fianed  till  the  meehaakal  properties  of  oompreflBible  fluklB 
should  also  be  considered.  It  was  thought  veiy  veasoii- 
aUe  to  su{qpose  that  the  eiieumstaiioes  of  elasticity  would 
intniduce  the  some  d^anges  in  the  impulse  and  resistance 
of  fluids  that  it  does  sa  aolid  bodies.  .  It  would  greatly  di* 
vert  the  atlfntjim  from  the  distinctive  psoperties  of  air,  if 
we  should  in  tUs  [dace  enter  on  this  subject^  which  is  both 
extennve  and  difficult.  We  reckon  it  better  therefeiie  le 
take  the  whole  together :  this  we  shall  do  und^  the  article 
BcsBBTAMcx  or  Fluids^  and  confine  ourselves  at  present 
to  what  vdafes  to  the  impulse  and  resistance  of  air  alone ; 
antidpating  a  few  of  the  general  propositions  of  that 
theory,  but  without  demonstration,  in  older  to  understand 
the  applications  which  may  be  made  of  it 

Suppose  then  a  fdane  surfisMx;,  of  which  a  C  (F^.  86.) 
is  the  section,  exposed  to  the  action  of  a  stwam  of  wind 
blowiiig  in  the  direction  QC,  p»peadicuhur  to  aC.  The 
motion  of  the  wiad  will  be  obstructed,  aiMl  the  surface 
a  C  pressed  forward.  And  as  all  impulse  or  ppeasure  is 
exerted  m  a  direodon  peipendicular  to  the  surface,  and  is 
resisted  in  the  opposite  direction,  the  surface  will  be  im- 
pelled in  the  direction  CD,  the  oontinualion  of  QC.  And 
as  the  mutual  actions  of  bodies  depend  on  their  relative 
motions,  the  force  acting  on  the  surface  a  C  will  be  the 
same,  if  we  shall  suppose  the  air  at  rest,  and  the  siirfiiee 
moving  equally  swift  in  the  opposite  direction.  The  re- 
sistance of  the  air  to  the  motion  of  the  body  will  be  equal 
to  the  impulse  of  the  air  in  the  former  case.  Thus  resist- 
ance and  impulse  are  equal  and  contrary. 

If  the  air  be  moving  twice  as  fast,  its  particles  will  give 
a  double  impulse ;  but  in  this  case  a  double  number  of 
particles  will  exert  their  impulse  in  the  same  time :  the 
impulse  will  therefore  be  fourfdid,  and  in  general  it  will 
be  as  the  square  of  the  velocity  :  or  if  the  air  and  body  be 
both  in  motion,  the  impulse  and  resistance  will  be  propor- 
tkmal  to  the  square  of  the  relative  velocity. 

This  is  theiirbt  proposition  on  lhesubjecl,^svA\V«^p^R»x% 
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very  consonant  to  reason.  There  will  UmefiDR  be  sne 
analogy  between  the  fbroe  of  the  air*B  impulse  or  dKie> 
ostance  of  a  body,  and  the  wei^t  €if  a  oolima  of  ar  h^ 
cumboit  on  the  surface :  for  it  is  a  priKKa|de  in  theaooa 
of  fluids,  that  the  heights  of  the  ooliiaiiis  erf*  flind  are  ndie 
squares  of  the  velocities  which  ihmr  imassmei  pndoce. 
Accordingly  the  second  proposition  is^  that  tlie  sboiste 
impulse  of  a  stream  of  ur,  blowing  perpftidirulsriy  os  aay 
surface,  is  equal  to  the  wei^t  of  a  column  of  air  irindiliii 
that  surface  for  its  base,  and  for  its  hoght  the  ^pioe 
through  which  a  body  must  fall  in  order  to  aoquixe  theie- 
lodty  of  the  air. 

Thirdly,  Suppose  the  surface  AC  equal  to  a  C  no  kagB 
to  be  perpendicuIaFto  the  stream  of  air,  but  indined  toit 
in  the  angle  ACD,  which  we  shall  call  the  angk  rfmi' 
dmce  ;  then,  by  the  resolution  of  forces,  it  follow^  thai 
the  action  of  each  particle  b  diminished  in  the  piopoftiaB 
of  radius  to  the  sine  of  the  angle  of  incidence,  or  of  AC 
to  AL,  AL  being  perpendicular  to  CD. 

Again :  Draw  AE  parallel  to  CD.  It  is  plain  that  no 
air  lying  farther  from  CD  than  KA  is  will  strike  the  piaoe. 
The  quantity  of  impulse  therefore  is  diminished  sdll  far- 
ther in  the  proportion  of  a  C  to  KC»  or  of  AC  to  AL. 
Therefore,  on  the  whole,  the  absolute  impulse  is  dimimsh- 
cd  in  the  proportion  of  AC^  to  AL^ :  hence  the  propoo- 
tion,  that  the  impulse  and  resistance  of  a  given  surface  are 
in  the  proportion  of  the  square  of  the  sine  of  the  angle  of 
incidence. 

Fourthly,  This  impulse  is  in  the  direction  PL,  perpen- 
dicular to  the  impelled  surface,  and  the  surface  tends  to 
move  in  this  direction :  but  suppose  it  moveable  only  in 
some  other  direction  FO,  or  that  it  is  in  the  direction  PO 
that  we  wish  to  employ  this  impulse,  its  action  is  therefore 
oblique  ;  and  if  we  wish  to  know  the  intensity  of  the  im- 
pulse in  this  direction,  it  must  be  diminished  still  £uther 
in  the  proportion  of  radius  to  the  cosine  of  the  angle  LPO 

\ 
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or  'sine  of  CPO.  Hence  the  general  proportion :  The 
effbcthe  impulse  is  as  the  surfhce,  as  the  square  of  the  ve^ 
Jodhf  of  the  reifid^  as  ihe  square  of  the  sine  of  the  angte  of 
incidence^  and  as  the  sine  of  obliquity  jointbfy  which  we 
may  express  by  t^  symbol  B  =z  S.  V.  sin'.  I.  sin.  O ;  and 
as  the  impulse  depends  on  the  density  of  the  impelling 
fluid,  we  may  take  in  every  drcumstance  by  the  equaticm 
R  =  S*D*V'.  sin.  1*  sin.  O.  If  the  impulse  be  estimated 
in  the  direction  of  the  stream,  the  angle  of  obliquity  ACD 
is  the  same  with  the  angle  of  incidence,  and  the  impulse  in 
this  direction  is  as  the  surface,  as  the  square  of  the  velo- 
<dty,  and  as  the  cube  of  the  angle  of  inddence  jointly. 

It  e^dently  follows  from  these  premises,  that  if  AC  A'  be 
a  wedge,  of  which  the  base  A  A'  is  perpendicular  to  the 
wind,  and  the  angle  AC  A'  bisected  by  its  direction,  the 
direct  or  perpendicular  impulse  on  the  base  is  to  the  oblique 
impulse  on  the  sides  as  radius  to  the  square  of  the  sine  o£ 
half  the  angle  AC  A'. 

The  same  must  be  affirmed  of  a  pyramid  or  cone  AC  A', 
of  which  the  axis  is  in  the  direction  of  the  wind. 

If  ACA^  (Pig-  87.)  represent  the  section  of  a  solid  pro- 
duced by  the  revolution  of  a  curve  line  APC  round  the 
axis  CD,  which  lies  in  the  direction  of  the  wind,  the  im- 
pulse on  this  body  may  be  compared  with  the  direct  im- 
pulse on  its  base,  or  the  resistance  to  the  motion  of  this 
body  through  the  air  may  be  compared  with  the  direct  re- 
sistance of  its  base,  by  resolving  its  surface  into  elementary 
planes  Pp,  which  are  coincident  with  a  tangent  plane  PR, 
and  comparing  the  impulse  onFp  with  the  direct  impulse 
on  the  corresponding  part  K  k  of  the  base. 

In  this  way  it  follows  that  the  impulse  on  a  sphere  is 
one  half  of  the  impulse  on  its  great  circle,  or  on  the  base 
of  a  cylinder  of  equal  diameter. 

We  shall  ocmdude  this  sketch  of  the  doctrine  with  a  very 
important  proportion  to  determine  the  most  advantageous 
position  of  a  plane  surface,  when  required  to  move  in  one 
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4ir8ct]pn  while  it  is  impelled  )by  the  vind  bknving  in  a  dif- 
fitt^nt  diDeptioBu    Thus» 

Liet  AB  (Fig.  as.)  te  the  aaU  lo^ji  «hip»  CA  the  di«»c* 
tion  ia  whiph  the  wiod  Upv3,  end  JkH  tbe  line  of  the 
Aip's  course. ,  It  is  iiequired  5k>fdace  Ibe  yie:4  AC  in  audi 
a  position  that  the  inipulse  of  t^  v^nA  upon  the  eeil  may 
baye  fhe  greatest  effiiet  possible  in  impelUtig  the  dvp  alwg 

AD. 

IM  AB,  Ai,  be  iwp  positions  pf  the  eaU  very  nenr  ^ 
best  position^  but  on  opposite  judes  ipf  it.  Diav  B£»  fr  # 
perpendieular  to  CA,  and  BF,  b/i  pcrpendiftular  to  Al>* 
calling  AB  radius ;  it  is  evident  tibait  JU&»  BF,  areftbe  sines 
of  impulse  and  obliquity,  and  that  dm  effbttfre  impulse  is 
V& X  BF,  Qvb^^bf.    This  wust  be  a iWWKinmnL 

(.et  the  pwits  B^  by  continnaljy  approfeb  and  ultimately 
cspincl4e ;  the  ebord  b  B  wall  .ultifmetdy  eoifieide  with  a 
4breigbt  line  CBP  toudung  the  ^pircte  in  B ;  the  triangles 
CBE,  cbe  Qxe  similar,  as  also  the  triengl(ss  DBF,  D bf: 
therefore  BE' :6e!*  =  BC*:6c^,  and  Br:4/====:BD:6D; 
and  BE-  x BF :  be'  x  bf^  CB' ^  BD  :  ci'^x  JD.  There, 
fore  when  AB  is  in  the  best  position,  so  that  B£^  x  BF  is 
greater  than  ber  y.  bj\  we  shall  have  CB  x  BD  greater  than 
CA'XftD,  orcB'^xBD  is  also  a  maximum.  This  we 
know  to  be  the  case  when  CB  =  2  BD ;  therefore  the  sail 
must  be  so  placed  that  the  tangent  of  the  angle  of  inci- 
dence shall  be  double  of  the  tangent  of  the  angle  of  the  sail 
and  keel. 

In  a  common  wind-mill  the  angle  CAD  is  necessarily  a 
right  angle ;  for  the  sail  moves  in  a  circle  to  which  the 
wind  is  perpendicular :  therefore  the  best  angle  oi  the  sail 
and  axle  will  be  54^.44^  nearly. 

Such  is  the  theory  of  the  resistance  and  impulse  of  the 
air.  It  is  extremely  simple  and  of  easy  application.  In 
aU  {iliysicai  theories  there  are  assumptions  whicli  depend  on 
other  principles,  and  those  on  the  judgment  of  the  natu- 
ralist ;  so  tliat  it  is  always  proper  to  confront  the  theory 
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with  expeariment  There  are  even  cipxannstonoes  in  the 
present  case  which  have  not  been  attended  to  in  the  theory. 
When  a  stream  of  air  is  obstructed  by  a  solid  body,  or  when 
Hi  solid  body  moves  along  in  air,  the  air  is  condensed  ))efore 
it  and  rarefied  behind.  There  is  therefore  a  pressure  on 
the  anterior  parts  arising  from  this  want  of  equilibrium  in 
the  eksiticity  of  the  air.  This  n^ust  be  superadded  tP  the 
force  arising  from  the  impetus  or  inertia  of  the  air.  We 
cannot  tell  with  predsioii  whai  may  be  the  amount  of  this 
condensation ;  ijb  depends  on  thie  velocity  with  which  any 
condensation  diffuses  itself. 

Also,  if  the  motion  be  so  rapd  that  the  pressure  of  the 
Atmosphere  cannot  make  the  air  immediately  occupy  the 
place  quitted  by  the  body,  it  will  sustvn  this  pressure  on 
its  forepart  to  be  added  to  the  other  forces. 

Experiments  on  this  subject  are  by  no  means  numerous ; 
at  least  such  experiments  as  can  be  depended  on  tor  the 
fbjLindation  of  any  practical  application.  The  first  that 
have  this  character  are  those  published  by  Mr  Robins,  in 
1742,  in  his  Treatise  on  Gunnery.  They  were  repeated 
with  some  additions  by  the  Chevalier  Borda,  and  some  ac- 
oQunt  of  them  published  in  the  Memoirs  of  th^  Academy 
of  Sciences  in  1763'  In  the  Philosophical  Transactions  of 
the  Royal  Society  of  London,  vol*  LXXIJI.  there  are 
some  experiments  of  the  sa^ie  kind  on  a  larger  scale  by  Mr 
Edgewoith.  These  were  all  made  in  the  way  descried 
in  our  account  of  Mr  Robins's  improvements  in  gunnery. 
Bodies  were  made  to  move  with  determined  velocities,  and 
the  resistances  were  measured  by  wights. 

In  all  these  experiments  the  re«stances  were  found  very 
exactly  in  the  proportion  of  tlie  squares  of  the  velocities ; 
but  they  were  found  considerably  greater  than  the  weight 
of  the  column  of  air,  whose  height  would  produce  the  ve- 
locity in  a  falling  body.  Mr  Robins'^s  experiments  on  a 
square  of  16  inches,  describing  25,8  feet  per  second,  indi- 
cate the  reaistancc  to  be  to  this  tvcight  nearly  as  4  to  8. 
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Borda^s  experiments  on  the  same  surfooe  state  the  &f 
portion  still  greater. 

The  reastances  are  found  not  to  be  in  Uie  pnpomoi 
the  surfaces,  but  increase  considerabljr  faster.  SurfKis 
9, 16,  36,  and  81  inches,  moving  with  one  Tekxitf,! 
resistances  in  the  proportion  of  9^  17 j,  42 J,  and  104f. 

Now  as  this  deviation  from  the  proportion  rf  Ae  fl 
faces  increases  with  great  regularity,  it  is  most  prohi 
that  it  continues  to  increase  in  surfaces  of  still  greater  i 
tent ;  and  these  are  the  most  generally  to  be  met  with 
practice  in  the  action  of  wind  on  ships  and  mills. 

Borda^s  experiments  on  81  inches  show  that  the  impul 
of  wind  moving  one  foot  per  second  is  about  j\i  d 
pound  on  a  square  foot.  Therefore  to  find  the  impulse 
a  foot  corresponding  to  any-  velocity,  divide  the  square 
the  velocity  by  500,  and  we  obtain  the  impulse  in  pouoi 
Mr  Rouse  of  Leicestershire  made  many  experiments,  whi 
arc  mentioned  with  great  approbation  by  MrSmeato 
His  great  sagacity  and  experience  in  the  erection  of  inn 
mills  oblige  us  to  pay  a  considerable  deference  to  bis  ju4 
ment.  These  experiments  confirm  our  opinion,  that  tl 
impulses  increase  faster  than  the  surfaces.  The  foUowin 
table  was  calculated  from  Mr  Rouse^s  observaUons,  ax 
may  be  considered  as  pretty  near  the  truth. 


Velocity 
in  Feet. 

Impulse  on  a 
Foot  in  Pounds. 

Vclotity 
in  Feet. 

Impulieai 
FootioFuc'i 

0 

0,000 

80 

I4,63S 

10 

0,229 

90 

18,526 

20 

0,915 

100 

22,872 

30 

2,059 

110 

27,675 

40 

3,660 

120 

32,926 

50 

5,718 

130 

38,654 

60 

8,234 

140 

44,830 

70 

11,207 

150 

51,462 

If  wc  multiply  the  square  of  the  velocity  in  feet  bjr  h 
the  product  will  bo  the  impulse  or  resistance  on  a  squai 
fool  in  gtaiivs^  ao:»ifi^%  Vo  "M^x  '^nwcesS^  vcaxohers. 
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The  greatest  deviaUon  from  the  theory  occurs  'm  the 
oblique  impulses.  Mr  Bobins  compar^  the  renstance  of 
a  wedge,  whose  angle  was  90^,  with  the  resistance  of  its 
base ;  and  instead  of  finding  it  less  in  the  proportion  ot 
j^T  to  1,  as  determined  by  the  theory,  he  found  it  greater 
.  in  the  proportion  of  55  to  68  nearly ;  and  when  he  fanned 
the  body  into  a  pyramid,  of  which  the  udes  had  the  same 
surface  and  the  same  inclination  as  the  sides  of  the  wedge, 
the  redstance  of  the  base  and  face  were  now  as  55  to  39 
nearly :  so  that  here  the  same  surface  with  the  same  incli- 
nation had  its  resistance  reduced  from  68  to  39  by  being 
put  into  this  form.  Sinular  deviations  occur  in  the  expe- 
riments of  the  Chevalier  Borda;  and  it  may  be  collected 
from  both,  that  the  resistances  diminish  more  nearly  in  the 
proportion  of  the  sines  of  incidence  than  in  the  prc^xxrtion 
of  the  squares  of  those  nnes^ 

The  irregularity  in  the  reaistanoe  of  curved  surfaces  is 
•  as  great  as  in  plane  surfaces.  In  general,  the  theory  gives 
the  oblique  impulses  on  plane  surfaces  much  too  small,  and 
the  impulses  on  curved  surfaces  too  great.  The  resistance 
of  a  sphere  does  not  exceed  the  foiuth  part  of  the  resist- 
ance of  its  great  circle,  instead  of  being  its  half;  but  the 
anomaly  is  such  as  to  leave  hardly  any  room  for  calcula- 
tion. It  would  be  very  desirable  to  have  the  experiments 
on  this  subject  repeated  in  a  greater  variety  of  cases,  and 
on  larger  surfaces,  so  that  the  errors  of  the  experiments 
may  be  of  less  consequence.  Till  this  matter  be  reduced 
to  some  rule,  the  art  of  woriung  ships  must  remain  very 
imperfect,  as  must  also  the  construction  of  wind-miUs. 

The  case  in  which  we  are  most  interested  in  the  know- 
ledge of  the  resistance  of  the  air  is  the  motion  of  bullets 
and  shells.  Writers  on  artillery  have  long  been  sensible 
of  the  great  effect  of  the  air^s  resistance.  It  seems  to  have 
been  this  conaderation  that  chiefly  engaged  Sir  Isaac  New- 
ton to  consider  the  motions  of  bodies  in  a  resbting  medium. 
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A  proposiimti  nr  tWH  iroulil  tia^o  sufficed  for  xti6*ing  die 
iiicompalihility  nf  the  [danetary  motions  with  the  su^^pom- 
tion  that  the  celestial  spaces  nere  filled  with  a  fluid  matter ; 
Init  he  has  with  great  solicitude  considered  the  motioo  of  a 
body  projected  od  the  surface  of  the  earth,  and  its  devia- 
tion from  the  parabolic  track  assigned  by  Galileo.  He  hoS 
bestowed  more  pains  on  this  problem  than  any  other  in  his 
whole  work  ;  and  his  investigation  has  pointed  out  almost 
all  the  improvements  which  have  been  made  in  the  appli- 
cMtioD  of  mathematical  knowledge  lo  the  study  of  nature. 
Nowhere  does  his  atrocity  and  terlility  of  resource  appear 
in  BO  strong  a  light  as  in  the  second  book  of  the  Principia, 
which  is  almost  wholly  occiipicd  by  this  problem.  Tlie 
celcbiaied  mathematician  John  Bernouilli  engaged  in  it  as 
the  finest  opportunity  of  displaying  his  superiority.  A 
mistake  committed  by  Newton  in  his  attempt  to  a  solution 
was  matter  of  triumph  to  him  ;  and  the  whole  of  his  per- 
formance, thoMgh  a  piece  of  elegant  and  elaborate  geoi 
try,  is  greatly  hurt  by  his  continually  bringing  this 
tAe  (irbich  ii  a  men  trifle)  hito  vie#:  The  £AHlKy  tif 
dke  Bnbjeat  it  to  great,  that  subMquent  mAhttmtic^ain 
MitDto  bareikeptakM^firoBrit;  asd  it  hlis  beOfeUtit^ 
onelo^ed  by  tSie  auaty  vohannuniB  mfurs  iihti  bttn 
bbtted  pt%>fe8«^ly  en  imlittry  pTojeicttled.  Utity  faHVti 
afoken  jodeed  of  tbe  resistance'  of  the  air  as  ilfictitig  thu 
6igbt  of  diot,  but  have  saved  themsdrcs  JWito  th«'  uA.  df 
ittrcMigatiDg  Ais  eSitct  (i  tdsk  toiririeh  the:f  #eKe  tinetjttt))^ 
bf  sappeshig  dut  it  mk  atft  so  great  ad  to  HftAt^  tbcJi' 
theoriw  md  prdotietti  -deduetioAs  very  eMaHora.  Mf' 
Robittt  m«  Ai  first  «ho  s«tioiiBly  eumMed  the'  stilt$«ct. 
He  Bfaowed,  that  even  the  Newtonian  tHetn^  (wbiCh  hti^ 
b«ea  eorrccttid,  but  not  in  the  smallest  ixgree  iiUj^rbtM 
or  extctided  in  its  principles)  was  auffieiNit  to  show  tBnt 
the  path  of  a  cannon-ball  ctruld  not  resemble  a  pttMbi^ 
EtoU  this  theory  showed  that  the  resist&neb  #09  tAor^  than 
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times  the  weight  of  the  ball,  and  should  produce  a 
greater  deviation  firom  the  parabola  tlian  the  parabola  de- 
viated from  a  straight  line. 

This  aioifde  but  singular  c4)Bervation  was  a  strong  [»oof 
how  faulty  the  professed  writers  on  artillerj  had  been,  ifi 
rather  amusing  themselves  with  elegant  but  useless  appli- 
cations of  easy  geometry,  thati  in  endeavouring  to  give 
their  readers  any  useful  information.  He  added,  that  the 
diffisrenoe  between  the  ranges  by  the  Newtonian  tiieory  and 
by  experiment  were  so  great,  that  the  resistance  of  the  lur 
must  be  vastly  superior  to  what  that  theory  supposed.  It 
was  this  which  suggested  to  him  the  neoesnty  of  experi- 
ments to  ascertmn  this  point.  We  have  seen  the  result  of 
these  experiments  in  modemte  velocities ;  and  that  they 
were  suflBcient  fin*  calling  the  ^hole  theory  in  question,  or  at 
least  for  rendering  it  useless.  It  became  necessary  therefore 
to  settle  eveiy  pmnt  by  means  of  a  direct  experiment.  Here 
was  a  great  difficulty.  How  shall  we  measure  either  theW 
great  velocities  which  are  observed  in  the  motions  of  can- 
non-shot, or  the  resistances  which  these'  enormous  veloci- 
ties occasion  ?  Mr  Rdl»kis  had  the  ingenuity  to  do  both. 
The  method  which  he  took  fcfi  measuring  the  velocity  of  a 
musket-ball  was  qiiite  ori^nal ;  and  it  was  susoeptibie  of 
great  accuracy.  We  have  already  given  some  actount 
of  it  in  voL  i.  jh  194.  Having  gained  this  point,  the 
other  was  not  difficult.  In  the  moderate  velocities  he 
had  determined  the  neststances  by  the  forces  which  balanced 
them,  the  weights  which  kept  tiie  resisted  body  in  a  state 
of  uniform  motion.  In  the  great  velocities,  be  proposed  to 
determine  the  resistances  by  their  immediate  effects,  by 
the  retardations  which  they  occasioned.  This  was  to  be 
done  by  first  ascertaining  the  velocity  of  the  ball,  and  then 
measuring  its  velocity  ailcr  it  had  passed  through  a  cer- 
tain quantity  of  air.  The  difference  of  these  velocities  is 
the  retardation,  and  the  proper  measure  of  the  resistance ; 
for,  by  the  initial  and  final  velocities  of  the  ball,  we  learn 
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the  time  which  was  employed  in  jmmivtg  fiam^  duv 
with  the  medium  vekxdty.  la  tlus  time  the  airs  icsst- 
ance  diminished  the  vekmty  by  a  cerUin  qii8ii%.  Com- 
pare tliis  with  the  velocity  which  a  body  projected  iatij 
upwards  would  lose  in  the  aaine  time  by  the reaiUDctof 
gravity.  The  two  forces  must  be  in  the  proportkm of  ihsr 
eflPects.  Thus  we  learn  the  proportion  ctf.the  reBstaaoecf 
tlie  air  to  the  weight  of  the  balL  It  is  indeed  tme^  that 
the  time  of  passing  through  this  space  is  not  aocuntdjliKl 
by  taking  the  arithmetical  medium  of  the  iniluJ  sod  finl 
velocities,  nor  does  the  re^tance  deduced  from  this  calcu- 
lation accurately  correspond  to  this  mean  vdodty;  bat 
both  may  be  accurately  found  by  the  experiment  bj  a  very 
troublesome  computation,  as  is  shown  in  the  5th  and  6th 
propositicms  of  the  second  book  of  Newton's  Prmdpa. 
The  difference  between  the  quantities  thus  found  and  thw 
deduced  from  the  simple  process  is  quite  trifliDg,  sod  far 
within  the  limits  of  accuracy  attainable  in  expcrimeDts  of 
this  kind ;  it  may  therefore  be  safely  neglected. 

Mr  Robins  made  many  experiments  on  this  subject;  but 
unfortunately  he  has  published  only  a  very  few,  such  as 
were  suiBdent  for  ascertaining  the  point  he  had  in  vieir. 
He  intended  a  regular  work  on  the  subject,  in  whidi  the 
gradual  variations  of  resistance  corresponding  to  different 
velocities  should  all  be  determined  by  experiment:  but  he 
was  then  newly  engaged  in  an  important  and  laborious  en- 
ployment,  as  chief  engineer  to  the  £ast  India  Compaoj^ 
in  whose  service  he  went  out  to  India,  where  he  died  id 
less  than  two  years.  It  is  to  be  regretted  that  no  person 
has  prosecuted  these  experiments.  It  would  be  neither  la- 
borious nor  difiScult,  and  would  add  more  to  the  improve- 
ment of  artillery  than  any  thing  that  has  been  done  since 
Mr  Robins's  death,  if  we  except  the  prosecution  of  his  ex- 
periments on  the  initial  velocities  of  cannon-shot  by  ^ 
Charles  Hutton,  royal  professor  at  the  Woolwich  Acade- 
my.    It  b  to  be  hoped  that  this  gentleQuin>  after  having 
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ivkh  midi  effect  aaid  siicoefls  extended  Mr  Robih^s  experi-* 
ments  on  the  imdal  vdochies  of  musket-flhot  to  i?rtmwi, 
will  take  up  this  other  subject,  and  thus  give  the  artof  ur^ 
tiUeiy  all  the  scientific  feundatbns  which  it  can  reoeitie  in 
the  present  state  of  our  mathematical  knowled^  Till 
then  we  must  content  ourselves  with  the  practical  rules 
which  Bolnns  has  deduced  from  his  own  expeiiments.  As 
he  has  not  given  us  the  mode  of  deduction,  we  must  com- 
pare the  results  with  experiments.  He  has  indeed  given 
a  very  extensive  comparison  mth  the  numerous  experiments 
made  both  in  Britain  and  on  the  contment ;  and  the  agree- 
ment is  very  grtat  His  learned  ccnnmentator  Euler  has 
been  at  no  puns  to  investigate  these  rules,  and  has  employ- 
ed himself  chiefly  in  detecting  emyrs,  most  of  which  are 
supposed,  because  he  takes  for  a  finished  work  what  Mr 
Robins  only  gives  to  the  public  as  a  hasty  but  useful  sketch 
of  a  new  and  very  difficult  branch  of  science. 

The  general  result  of  Robins's  experiments  on  the  re- 
tardation of  musbfet-shot  is,  that  although  in  moderate  ve- 
locities, the  resistance  is  so  nearly  in  the  duplicate  propor- 
tion of  the  velocities  that  we  dumot  observe  any  deviation, 
yet  in  velocities  exceeding  800  feet  per  second  the  retard- 
ations  increase  faster,  and  the  deviation  from  this  rate  in- 
creases rapidly  with  the  velodty.  He  ascribes  this  to  the 
causes  already  mentioned,  viz.  the  condensation  of  the  air 
before  the  ball  and  to  the  rarefaction  behind,  in  consequence 
of  the  air  not  immediately  occupying  the  ^Mce  left  by  the 
bullet.  This  increase  is  so  great,  that  if  the  resistance  to 
a  ball  moving  with  the  velocity  of  1700  feet  in  a  second  be 
computed  on  the  supposition  that  the  resistance  observed 
in  moderate  vdocities  is  increased  in  the  duplicate  ratio  of 
the  velocity,  it  will  be  found  hardly  one-third  pert  of  its 
real  quantity.  He  found,  for  instance,  that  a  ball  ihoving 
through  1670  feet  in  a  second  lost  about  125  feet  per 
second  of  its  velocity  in  pasnng  through  50  fiset  a£  air. 

Vol.  III.  8  Z 
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Thia  it  must  have  dooe  ia  the  ,',  of  a  second,  i 
time  it  would  have  tost  one  foot  if  projected  directly  i 
nanls ;  from  which  it  appears  that  llic  re^dstaiice  was  si 
125  times  its  weight,  aud  more  than  three  times  grea 
than  if  it  hod  increased  from  the  rciustance  in  small  vdoi 
ties  in  the  dupUcate  ratio  of  the  velocities.     He  relAt«i 
other  experiments  which  show  similar  results. 

But  he  also  mentions  a  singular  circumstance,  that  till 
the  vdocitiea  exceed  IICH)  feet  per  second,  the  resistaiioeft 
increase  pretty  regularly,  in  a  ratio  exceediiig  the  duplicate 
ratio  of  the  Telocitiea ;  but  that  in  greatet  velocities  the  re- 
sittonces  become  suddenly  triple  of  wimt4bey  wouUI  have 
been,  even  according  to  tliis  law  of  increase.  He  tlunks 
thia  explicable  by  the  vacuum  which  is  then  left  behind  the 
ball,  it  being  well  known  that  air  rushes  into  a  vacuum 
with  the  velocity  of  1132  feet  per  seccmd  nearly.  Mr  Eu- 
ler  controverts  tlits  conclusion,  as  i neon st::« tent  with  that  grsr 
dation  which  is  observed  in  all  the  operations  of  nature ; 
and  sayn,  that  although  the  vacuum  is  not  produced  in 
smaller  velocities  than  this,  the  air  behind  the  hall  must  be 
BQ  rare  {the  space  being  but  imperfectly  liUed),  that  the 
pressure  on  the  anterior  part  of  the  ball  must  gradually  ap- 
ptoximate  to  that  pressure  which  an  absolute  vacuum  would 
produce;  but  this  is  hke  his  other  cnticisms.  KoInds  does  no 
wbe»  assert  that  this  sudden  change  of  resistance  h^^iens 
ia  the  traosidon  of  the  velotuty  from  1193  feet  to  that  of 
1131  feet  II  inches  or  the  like,  but  only  that  it  is  very  sud- 
den and  very  great.  It  may  be  strictly  demonstrated,  that 
such  a  change  must  happen  in  a  narrow  enough  limit  of 
Telodtiea  to  justify  the  appellation  of  sudden:  a  sianlat 
fact  may  be  observed  in  the  motion  of  a  solid  through  wa- 
ter.  If  it  be  gradually  accelerated,  the  water  will  be  found 
nearly  to  fill  up  its  place,  till  the  velocity  ariives  at  a  cer- 
tain magnitude,  corresponding  to  the  immersion  of  the  bo- 
dy in  the  water ;  and  then  the  smallest  augmentatioit  of  its 
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motion  iauneifitttdjr' prodboes  s  void  behiaA  it,  into  whtdi 
the  water  ruflhes  in  a  violent  manner,  and  ia  dashed  into 
firoth.  A  gentleman,  who  has  had  many  opportumties  fer 
such  obeeryaftions,  assures  us,  that  when  standing  near  the 
line  of  dixection  of  a  cannon  dischargingf  a  bidl  irith  a  large 
aUotmoit  of  powder,  so  thait  the  initial  vdodty  oeirtainly 
exceeded  1100  feet  pier  second,  he  always  observed  a  verf 
sudden  dminntinii  of  the  noise  whichf  the  bullet  madfe  dur- 
ing its  pasaaga  Altbou^  the  baU  was  coming  teward^ 
him,  aad  thereibre  its  ncNse,  if  equable,  would  be  continu- 
ally increaong,  he  obseived  that  it  was  loudest  at  finit 
That  tins  continued  fbr  a  second  or  two,  and  suddenly  di« 
mimdied,  changing  to.  a  sound  which  waa  not  only  weafci^, 
but  difiered  in  kind,  and  gradually  increased  as  the  bullet 
approached  him.  He  said,  that  the  first  noise  was  like  the 
hissing  of  red-hot  iron  in  water,  and  that  the  subsequent 
noise  rather  resembled  a  hazy  whistling.  Such  a  change 
of  sound  is  a  necessary  consequence  of  the  dififerent  agita* 
tion  of  the  air  in  the  two  cases.  We  know  also,  that  air 
rushing  into  a  void,  as  when  we  break  an  exhausted  bottle^ 
makes  a  r^x>rt  like  a  musket. 

Mr  Robini's  assertion  therefore  has  every  argument  ibr 
its  truth  that  the  natuie  of  the  thing  will  admit.  But  we 
are  not  left  to  this  vague  reasoning :  his  experiments  show 
us  this  diminution  of  resistance.  It  clearly  appears  from 
them,  that  in  a  velocity  of  1700  feet  the  resistance  is  more 
than  three  times  the  resistance  determined  by  the  theory 
which  he  supposes  the  common  one.  When  the  velodty  was 
1065  feet,  the  actual  resistance  was  V  of  the  theoretical ; 
and  when  the  velocity  was  400  feet,  the  actual  resistance 
was  about  |  of  the  theoretical  That  he  assumed  a  theory 
of  remstance  which  gave  them  all  too  smi^l,  is  of  no  conse- 
quence in  the  present  argument 

Mr  Robins,  in  summing  up  the  results  of  his  observa- 
tions on  this  subject,  gives  a  rule  very  easily  remembered 
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for  fompiiling  the  resislaiices  to  tliose  very  rapid  motions. 
Let  AB  represent  the  velocity  of  1700  feet  per  eecond,  and 
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AC  any  other  velocity.  Make  BD  to  AD  as  the  resist- 
ance given  by  the  ordinary  theory  to  the  resistance  actually- 
observed  in  the  velocity  1700:  then  will  CD  be  to  AD  as 
the  resistance  assigned  by  the  ordinary  theory  to  the  velo- 
city AC  is  to  that  which  really  corresponds  to  it. 

To  accommodate  thia  to  experiment,  recollect  that  a 
Hihere  of  the  mzc  of  a  12-pound  iron  shot,  moving  85  feet 
in  a  second,  had  a  r(*istance  of  ^,  of  a  pound.  Augment 
tliis  in  the  ratio  of  25*  to  1700*,  and  we  obtain  210  near- 
ly for  the  theoretical  resistance  to  this  velocity ;  but  by 
comparing  its  diameter  of  4^  inches  with  J,  the  diameter 
of  the  leaden  ball,  which  had  a  resistance  of  at  least  II 
pounds  with  this  velocity,  we  conclude  that  the  12-pound 
shot  would  have  had  a  resistance  of  396  pounds :  therefore 
BD  :  AD  =  SIO  :  396,  and  AB  :  AD  =  186 :  396 ;  and 
AB  being  1700,  AD  will  be  3613. 

Let  AD  =  a,  AC  =  x,  and  Let  R  be  the  resistance  to 
a  19-pound  iron  shot  moving  one  foot  per  secMid,  and  r 
the  redktance  (in  pounds)  wuited  for  the  velocity  « ;  we 

have  r  =  R  - — — ,     Mr  Robins's  experiments  give  R  = 

TSm^Q  *ery  nearly.  This  ^ves  R  a  =  0,268235,  which 
is  nearly  ooe-fourth.    Thus  our  formula  becomes  r  ^^ 

0.1168886  a^  ,  a*  ,  „•       u    .   <• 

3018-;c>  or  very  nearly  -gg^-^---^,  falhng  short  of 

the  truth  about  g'gth  part.  The  simplicity  of  the  formula 
rtoommendg  it  to  our  ute,  and  when  we  increase  its  result 
,*g,  it  ig  incomparably  nearer  to  the  true  result  of  the  theo- 
ry as  corrected  by  Mr  Robins  than  we  can  Yiape  that  the 
theory  is  to  the  actual  resistance.     We  can  easily  see  that 
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Mr  RobiQfl'^  ooffwtifMi  is  only  a  aagaoious  apptoiinnrtion. 
If  we  BuppoBe  the  rdodty  8613  ftet,  a  yery  poBBhle  thing, 
the  re^tance  by  this  fonnula  is  infinite,  whidi  cannot  be. 
We  may  eren  suppose  that  the  lesistaince  given  by  the  for- 
mula  is  near  the  truth  only  in  such  velocities  as  do  not 
greatly  exce^  1700  feet  per  seomuL  .  No  military  pccgeo- 
tile  exceeds.  SSOO,  and  it  is  great  foUy  to  make  it  so  great, 
because  it  is  reduced  to  1700  almost  in  an  instant,  by  the 
enormous  reaatanoe. 

The  resistance  to  other  bails  will  be  made  by  taking  them 
in  the  dufdi^ate  ratio  of  the  diameters. 

It  has  been  abeady  observed,  that  the  first  mathemati- 
cians of  Europe  have  lately  employed  themselves  in  im- 
proving this  thecffy  of  the  motion  of  bodies  in  a  reosting 
medium ;  but  their  discussions  are  such  as  few  artillerists 
can  understand.  The  problon  can  only  be  solved  by  ap- 
proxinuiticHi,  and  this  by  the  quadrature  of  very  oomplicat. 
ed  curves.  They  have  not  be^  able  therefore  to  deduce 
ficom  them  any  paractical  rules  of  easy  applicaticm,  and  have 
been  obliged  to  compute  tables  suited  to  different  cases. 
Of  these  performances,  that  o£  the  Chevalier  Borda,  in  the 
Memmrs  of  the  Acad&nj  of  Scienoes  in  1769,  seems  the 
best  adapted  to  military  readers,  and  the  tables  are  un- 
doubtedly of  considerable  use ;  but  it  is  not  too  much  to 
say,  that  the  simple  rules  of  Mr  Robins  are  of  as  much  ser- 
vice, and  are  more  easily  remembered :  besides,  it  must  be 
observed,  that  the  nature  of  military  service  does  not  gjive 
room  for  the  application  of  any  very  predse  rule.  The  only 
advantage  that  we  can  derive  from  a  perfect  theory  would  be 
an  improvement  in  the  construction  of  pieces  of  ordnance, 
and  a  mcnre  judicious  appropriation  of  certain  velocities  to 
certain  purposes.  The  service  of  a  gun  or  mortar  must 
always  be  regulated  by  the  eye. 

There  is  another  motion  of  which  air  and  other  dastic 
fluids  are  susceptible,  viz.  an  internal  vibration  of  their. 
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paiticles,  or  undulation,  by  which  any  extended  portion  of 
mr  is  distributed  inlo  alternate  parcels  of  condensed  and 
,  rarefied  air,  which  are  continually  changing  their  condition 
witbout  changing  their  places.  By  this  change  the  con- 
densation which  is  produced  in  one  part  of  the  air  is  gra. 
duidly  transferred  along  tlie  mass  of  air  to  the  greatest  dis. 
t*nces  in  all  directions.  It  is  of  importance  to  have  some 
cfistinct  conception  of  this  motion.  It  is  found  to  be  by 
this  means  that  distant  bodies  produce  in  us  the  sensation 
of  sound.  Sir  Isaac  NewtoD  treated  this  subject  with  his 
accustomed  ingenuily,  and  has  given  us  a  theory  of  it  \n 
Jhe  end  of  the  second  book  of  his  Princijna.  This  theory 
has  been  objccletl  to  with  respect  to  the  conduct  of  the  ar- 
gument, and  other  explanations  have  been  given  by  the 
most  eminent  mathematicians.  Though  they  appear  to 
differ  from  Newton's,  their  results  are  precisely  the  same ; 
but,  on  a  close  examination,  they  differ  no  more  than  John 
BemouiUi'8  theorem  of  centrlpotal  forces  differs  from  New- 
ton's, viz,  the  one  being  expressed  by  geometry,  and  the  other 
by  literal  analysis.  The  celebrated  Do  la  Grange  reduces 
Newton's  investigation  to  a  tautological  proposition  or  iden- 
tical equation ;  but  Mr  Young  of  Trini^  Collie,  Dublin, 
bas,  by  a  different  turn  of  exfHvssion,  fireed  Newton^s  tne- 
tliod  from  this  objection. 

But  rince  Newton  published  this  theory  of  aerial  undu* 
lationB,  and  of  their  propagation  along  the  air,  and  since 
flie  theory  has  been  so  corrected  and  improved  as  to  be  re- 
ceived by  tbe  most  accurate  philosophers  as  a  branch  of 
natural  philosophy  susceptible  of  rigid  demonstration,  it 
haa  been  freely  resorted  to  by  many  writers  on  other  parts 
of  natural  science,  who  did  not  profess  to  be  mathemati- 
oans,  but  nuide  use  of  it  for  explaining  phenomma  in  their 
own  line  on  the  authority  of  the  mathemati(nans  themselves. 
XiCanuDg  from  them  that  this  Tibration,  and  the  quaqita- 
ri  propagation  of  the  pulses,  were  the  necessary  pro- 
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parties  of  an  elaalic  fluids  and  that  the  rapidity  of  thii  pro- 
pagation had  a  certain  assignable  proportion  to  the  elasd- 
dty  and  density  of  the  fluid,  they  freely  made  use  pf  these 
concesnons,  and  haye  introduced  elastic  vibrating  fluids  in- 
lo  many  facts,  where  others  would  suspect  no  such  thing, 
and  have  attempted  to  explmn  by  their  means  many  ab- 
struse phenomena  of  nature.  Ethers  are  everywhere  in* 
troduced,  endued  with  great  elasticity  and  tenuity.  Vibra- 
tions and  pulses  are  supposed  in  this  ether,  and  these  are 
offered  as  explanations.  The  doctrines  of  animal  spirits 
and  nervous  fluids,  and  the  whole  mechanical  system  of 
Hartley,  by  which  the  operations  of  the  soul  are  said  to  be 
expkdned,  have  their  foundation  in  this  theory  of  aerial 
undulations.  If  these  fancied  fluids,  and  their  internal  vi- 
iHrations,  feaSly  operate  in  the  phenomena  ascribed  to  them, 
any  explanation  that  can  be  given  of  the  phenomena  from 
this  principle  must  be  nothing  else  thah  showing  diat  the 
legitimate  consequences  of  these  undulations  are  similar  to 
the  phenomena;  or,  if  we  are  no  more  able  to  see  this  last 
step  than  in  the  case  of  sound  (which  we  know  to  be  one 
consequence  of  the  aerial  undulations,  although  we  cannot 
tell  how),  we  must  be  able  to  point  out,  as  in  the  case  of 
sound,  certun  constant  relations  between  the  general  laws 
of  these  undulations  and  the  general  laws  of  the  pheno- 
mena. .  It  is  only  in  this  way  that  we  think  ourselves  en- 
titled to  say  that  the  aerial  undulations  are  causes,  though 
not  the  only  causes,  of  sound ;  and  it  is  because  there  is  no 
such  relation,  but,  on  the  contrary,  a  total  dissimilarity,  to 
be  observed  between  'the  laws  of  elastic  undulations  and 
the  laws  of  the  propagation  of  light,  that  we  assert  with 
confidence' that  ethereal  undulations  are  not  the  causes  of 
vison. 

Explanations  of  this  kind  suppose,  tiierefore,  in  the  first 
place,  that  the  philosopher  who  proposes  them  understands 
precisely  the  nature  of  these  undulations;  in  the  next 
place,  that  he  makes  his  reader  sensible  of  those  drcum- 


ft$  PKEtlMATICI. 

ettutces  of  them  which  are  concerned  in  the  t^fect  to  be  ex- 
plained ;  and,  in  the  third  place,  tliat  he  makes  the  reader 
understand  how  this  circumstance  of  the  vibrating  fluid  is 
connected  with  the  phenomenon,  either  by  showing  it  to 
be  its  mechanical  cause,  aa  when  the  philosopher  explains 
the  resounding  of  a  musical  chord  to  a  flute  or  pipe  which 
gave  tlie  same  tone ;  or  by  showing  that  this  circumstance 
of  the  undulation  always  accompanies  the  phenomenon,  as 
when  the  philosoplicr  shows  that  S33  vibrations  of  air  in  a 
second,  in  whatever  manner  or  by  whatever  cause  they  are 
}Voduced,  always  are  followed  by  the  sensation  of  the  tone 
C  in  the  middle  of  the  harpsichord. 

But  here  we  must  observe,  that,  with  the  exception  of 
EuJer's  unsuccessful  attempt  to  explain  the  optical  pheno- 
mena by  the  undulations  of  ether,  we  have  met  with  no 
explanation  of  natural  phenomena,  by  means  of  elastic  and 
vibrating  fluids,  where  the  author  has  so  much  as  attempo. 
cd  any  one  of  these  three  things,  so  indispensably  requisite 
in  a  logical  explanation.  They^  have  talked  of  vibrations 
without  describing  them,  or  giving  the  reader  the  least  no- 
tkm  of  what  kind  they  are ;  and  in  no  instance  that  we  can 
recdlect  have  they  showed  bow  such  vibrations  could  have 
any  influence  in  the  phenomen<Hi.  Indeed,  by  not  de- 
scrilnng  with  precision  the  undulations,  they  were  freed 
ftfxa  the  task  of  showing  them  to  be  mechanical  causes  of 
tiie  phenomenon ;  and  when  any  of  them  show  any  analogy 
between  the  general  laws  c^  elastic  undulations  and  the 
gnwral  laws  of  the  phenomenon,  the  analogy  is  so  vague, 
indistinct,  or  partial,  that  no  person  of  common  prudence 
would  recave  it  as  argument  in  any  case  in  which  he  was 
much  interested. 

We  think  it  our  duty  to  remonstrate  against  this  sloven- 
ly way  of  writing :  we  would  even  hold  it  up  to  reproba- 
tion. It  has  been  chiefly  on  this  faithless  foundation  that 
the  blind  vanity  of  men  has  raised  that  degrading  system 
of  i^qiuiu  called  Maibbjalish,  by  which  the  affection» 
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and  faculties  of  the  aoul  of  man  have  beea  resolved  into 
vibrations  and  pulses  of  ether. 

We  also  think  it  our  duty  to  give  some  aooount  of  this 
motion  of  elastic  fluids.  It  must  be  such  an  aooount  as  shall 
be  understood  by  those  who  are  not  mathematicians^  be- 
cause those  only  are  in  danger  of  being  mi^ed  by  the  im- 
proper application  of  them;  Mathematical  discussiool  is, 
however,  unavoidable  in  a  subject  purely  mathematical ; 
but  we  shall  introduce  nothing  that  may  not  be  easily 
understood  or  confided  in ;  and  we  trust  that  mathemati* 
cal  readers  will  excuse  us  for  a  mode  of  reasoning  which 
appears  to  them  lax  and  inelegant. 

The  first  thing  incumbent  on  us  is  to  show  how  elastic 
fluids  difier  from  the  unelastic  in  the  pon^Mgatioa  of  any 
agitadon  of  their  parts.  When  a  long  tube  is  filled  with 
water,  and  any  one  part  of  it  pushed  out  of  its  place,  the 
whole  is  instandy  moved  like  a  solid  mass*  But  this  is 
not  the  case  with  air.  If  a  door  be  suddenly  shut,  the 
window  at  the  farther  end  of  a  long  and  dose  room  will 
rattle ;  but  some  time  will  elapse  between  the  shutting  of 
the  door  and  the  motion  of  the  window.  If  some  light  dust 
be  lying  on  a  braced  drum,  and  another  be  violently  beat 
at  a  little  distance:  from  it,  an  attentive  observer  will  see 
the  dust  dance  up  from  the  parchment ;  but  this  will  be  at 
the  instant  he  hears  the  sound  of  the  stroke  on  the  other 
drum,  and  a  sensible  time  afler  the  stroke.  Many  such 
familiar  facts  show  that  the  agitation  is  gradually  commu- 
nicated along  the  air;  and  therefore  <that  when  one  par- 
ticle is  agitated  by  any  sensible  motion,  a  finite  time,  how- 
ever small,  must  elapse  before  the  adjoining  particle  is  agi. 
tated  in  the  same  manner.  This  would  not  be  the  case  in 
water  if  water  be  perfectly  incompressible.  We  think  that 
this  may  be  made  intelligible  with  very  little  trouble. 

Aa  B&  C  D 

«    •  «  »  »  » 

Let  A,  B,  C,  D,  &c.  be  a  row  of  aerial  particles,  at  such 
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^Stances  that  thdr  elBBticity  just  balances  the  pressure  of 
the  atmospliere ;  and  let  us  suppose  (as  is  deduciblc  (roill 
the  observed  density  of  air  beiog  proportional  to  the  com- 
presBing  force)  that  the  elasticity  of  the  particles,  by  which 
they  keep  eacli  other  at  n  distance,  is  as  their  distances  in- 
versely. Let  us  iarther  suppose  that  ihe  particle  A  has 
been  carried,  with  sn  uniform  motion,  to  a  by  some  exter- 
nal force.  It  is  evident  that  B  cannot  remain  in  its  pre- 
sent state ;  for  lieing  now  nearer  to  a  than  to  C,  it  is  pro- 
pelled towards  C  by  the  excess  of  the  elasticity  of  A  above 
the  natural  elasticity  of  C.  Let  E  be  the  natural  elasticity 
of  the  particles,  or  the  force  corresponding  to  the  distance 
BC  or  BA,  and  let  F  be  the  force  whicli  impels  B  towards 
e,  and  lety  be  the  force  exerted  by  A  when  at  a.  We 
have 

E:/=Ba:BC,-Bo:BA; 
and  E  :/—  E  =  B  a  :  BA— B  a  =  B  a :  A  a ; 
or  E :  F  =  B  a :  A  a. 
Now,  in  Fig.  89.  let  ABC  be  the  line  joining  three  par- 
ticles, to  which  draw  FG,  PH  parallel,  and  lAF,  HBG 
perpendicular.  Take  IF  or  HG  to  represent  the  elBsticity 
corresponding  to  the  distance  AB.  Let  the  particle  A  be 
supposed  to  have  been  carried  with  an  uniform  motion  to 
a  by  some  external  force>  and  draw  Ra  M  perpendicular 
to  RG,  and  make  FI :  RM  ==  B  a :  BA.  We  shaU  then 
haveFI:  PM  =  Bo  ;  An;  and  PM  will  represent  the 
ferce  with  which  the  particle  B  is  urged  towards  C.  Sup- 
pose this  construction  to  be  made  for  every  point  of  the  line 
AB,  and  that  a  point  M  is  thus  determined  for  each  of 
them,  mathematiciaas  know  that  all  these  points  M  lie  in 
the  curve  of  a  hyperbola,  of  which  FG  and  GH  are  the 
asymptotes.  It  is  also  known  by  the  elements  of  mechanics, 
that  since  the  motion  of  A  along  AB  is  uniform  A  a  or  IP 
may  be  taken  bo  represent  the  time  of  describing  A  a ;  and 
that  the  area  IPM  represents  the  whole  velocity  which  B 
has  acquired  in  its  lootion  towards  C  when  A  has  ctHite'to 
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a,  the  force  urging  B  being  alwmys  as  the  {Nirtion  PM  of 
the  ordinate. 

Take  6X  of  any  length  in  H6  prodoced,  and  let  6X 
represent  the  velonty  which  the  uniferm  action  of  the  na- 
tural elasticity  IF  could  communicate  to  die  particle  B 
during  the  time  that  A  would  uniformly  describe  AB. 
I^ake  GX  to  GY  as  the  rectangle  IFGH  to  the  hyper- 
bolic space  IFRM,  and  draw  YS  cutting  MR  plxv 
duced  in  S,  and  draw  FX  cutting  MR  in  T.  It  is 
known  to  the  mathematicians  that  the  jpcint  S  is  in  a  curve 
line  FS  s  called  the  logarithmic  curve ;  of  which  the  lead- 
ing property  is,  that  any  line  RS  parallel  to  GX  is  to  GX 
as  the  rectangle  IFGH  is  to  the  hyperbolic  space  IFRM, 
and  that  FX  touches  the  curve  in  F. 

This  being  the  case,  it  is  plain,  that  because  RT  in- 
creases in  the  same  proportion  with  FR,  or  with  the  rect- 
angle IFRP,  and  RS  increases  in  the  proportion  of  the 
space  IFRM,  TS  increases  in  the  proportion  of  the  space 
IPM.  Therefore  TS  is  proportional  to  the  velocity  of  B 
when  A  has  reached  a,  and  RT  is  proportional  to  the  ve- 
locity which  the  uniform  action  of  the  natural  elasticity 
would  commumcate  to  B  in  the  same  time.  Then  since 
FT  is  as  the  time,  and  TS  is  as  the  velocity,  the  area  FTS 
will  be  as  the  space  described  by  B  (urged  by  the  variable 
force  PM)  ;  while  A,  urged  by  the  external  force,  describes 
Aa ;  and  the  triangle  FRT  will  represent  the  space  which 
the  uniform  action  of  the  natural  elasticity  would  cause  B 
to  describe  in  the  same  time. 

And  thus  it  is  plain  that  these  three  motions  can  be  com- 
pared together :  the  uniform  motion  of  the  agitated  par- 
ticle A,  the  uniformly  accelerated  motion  which  the  natu- 
ral elasticity  would  communicate  to  B  by  its  constant  ac- 
tion, and  the  motion  produced  in  B  by  the  agitation  of  A. 
But  this  comparison,  requiring  the  quadrature  of  the  hy- 
perbola and  logarithmic  curve,  would  lead  us  into  most 
infricate  and  tecKous  computations.    Of  th^te  w6  need  only 
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give  tlie  result,  and  make  some  other  comparisoiu  wliich 
are  palpable. 

Let  A  a  be  supposed  indefinitely  sma]l  in  comparison  of 
AB.  The  space  desciibed  by  A  is  therefore  indefinitely 
small ;  but  in  this  case  wq  know  that  the  ratio  of  the  space 
FRT  to  the  rectangle  IFRP  is  indefinitely  small.  There 
b  therefore  no  comparison  between  the  agitation  of  A  by 
the  external  fwce,  and  the  agitation  which  natural  elasUcity 
would  produce  on  a  single  particle  in  the  same  time,  the 
last  being  incomparably  smaller  than  the  first.  And  this 
space  FRT  is  incompaiably  greater  than  FTS;  and 
therefore  the  space  which  B  would  describe  by  the  uniform 
action  of  the  natural  elasticity  is  incomparably  greater  than 
what  it  would  describe  in  consequence  of  the  agitation  of  A. 
From  this  reasoning  we  see  evidently  that  A  must  be 
sensibly  moved,  or  a  finite  or  measurable  time  must  elapse 
before  B  acquires  a  measurable  motion.  In  like  manner  B 
must  move  during  a  measurable  time  before  C  acquires  a 
measurable  motion,  &c. ;  and  therefore  the  agitation  of  A 
is  communicated  to  the  distant  particles  in  gradual  succes- 

By  a  futher  comparison  of  these  space»  we  leun  the  time 
in  which  each  succeeding  particle  acquires  the  very  agits- 
tioD  of  A.  If  the  paiticles  B  and  C  only  are  centered, 
and  the  motjon  of  C  neglected,  it  will  be  found  that  B  has 
acquired  the  motion  of  A  a  little  before  it  has  described  J 
of  the  space  described  by  A ;  but  if  the  motion  of  C  be 
considered,  the  acceleration  of  B  must  be  increased  by  the 
retreat  of  C,  and  B  must  describe  a  greater  space  in  pro. 
portion  to  that  described  by  A.  By  computation  it  ap> 
pears,  that  when  both  B  and  C  have  acquired  the  velocity 
of  A,  B  has  described  nearly  ^  of  A's  motion,  and  C  more 
Dearly  |.  Extending  this  to  D,  we  shall  find  that  D  baa 
described  still  more  nearly  ^  of  A's  motion.  And  from  the 
nature  of  the  computation  it  appears  that  this  appFOxima- 
tioo  goal  oo  nfudiy  :  thereft^v,  auppoung  it  accurate  fivm 
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the  very  first  partide,  it  follows  from  the  equable  motioa 
of  A,  that  each  succeeding  particle  moves  through  an  equal 
space  in  acquiring  the  motion  of  A. 

The  condunon  which  we  must  draw  from  all  this  is,  that 
when  the  agitation  of  A  has  been  fullj  communicated  to  a 
pardde  at  a  senritk  distance,  the  intenrening  pertides,  all 
moving  forward  with  a  common  vdodty,  are  equally  com- 
pressed as  to  sense,  except  a  very  few  of  the  first  particles ; 
and  that  this  communication,  or  this  propagation  of  the  ori- 
ginal agitation,  goes  on  with  an  uniform  velodty. 

These  computations  need  not  be  attended  to  by  such  as 
do  not  wish  for  an  accurate  knowledge  of  the  precise  agi- 
tation of  each  partide.  It  is  enough  for  such  readers  to 
see  clearly  that  time  fnu9i  escape  between  the  agitation  of 
A  and  that  of  a  distant  particle ;  and  this  is  abundantly 
manifest  from  the  incomparability  (excuse  the  term)  of  the 
nascent  rectangle  IFRP  with  the  nascent  triangle  FRT, 
and  the  incomparalnlity  of  FRT  with  FTS. 

YiThat  has  now  been  shown  of  the  communication  of  any 
sen^ble  motion  A  a  must  hold  equally  with  respect  to  any 
diange  of  this  motion.  Therefore  if  a  tremulous  motion  of 
a  body,  such  as  a  spring  or  bell,  should  agitate  the  adj<nn- 
ing  particle  A  by  pudiing  it  forward  in  the  direction  AB^ 
and  then  allowing  it  to  come  back  again  in  the  direction 
BA,  an  agitation  similar  to  this  will  take  place  in  ail  the 
partides  of  the  row  one  after  the  other.  Now  if  this  body 
vibrate  according  to  the  law  of  motion  of  a  pendulum  vi- 
brating  in  a  cycloid,  the  neighbouring  particle  of  air  yxMrf 
necessihf  vibrate  in  the  same  manner ;  and  then  Newton^s 
demonstration  needs  no  apology.  Its  only  defidency  was, 
that  it  seemed  to  prove  that  this  wotM  be  the  way  in  which 
every  particle  would  of  necessity  vibrate ;  which  is  not  true, 
for  the  succesuve  parcels  of  mr  will  be  differently  a^tated 
according  to  the  original  agitation.  Newton  only  wants  to 
prove  the  unifinin  propagation  of  the  agitations,  and  he  se- 
lects that  form  which  renders  the  proof  easiest.    He  pmvesy 
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in  the  most  unexceptionable  manner,  lli&t  if  tbe  psrtjclcs  of 
a  putse  of  air  arc  really  mov-ing  like  a  cycloidal  pendulum, 
the  forces  acting  on  eacli-  particle,  in  consequence  of  the 
compression  and  dilatation  of  the  different  parts  of  the 
pulse,  are  precisely  such  as  are  necessary  for  continuing 
this  motion,  and  therefore  no  other  lorces  ore  required. 
Then  since  each  particle  is  in  a  certain  part  of  its  path,  is 
moving  in  a  certain  direction,  and  with  a  certain  velocity, 
and  urged  by  a  determined  force,  it  must  move  in  that  very 
manner.  The  objection  srarted  by  John  Bcrnouilli  against 
Newton's  demonstration  (in  a  single  line)  of  the  elliptical 
motion  of  a  body  urged  by  a  force  in  tbe  inverse  duplicate 
ratio  of  the  distance  from  the  focus,  is  precisely  the  same 
with  the  objection  agmnsl  Newton's  demonstration  of  the 
progress  of  aerial  undulations,  and  is  equaJiy  uUile. 

It  must,  however,  be  observed,  tliat  Newton's  demoo. 
stration  proceeds  on  the  supposition  that  the  linear  agita- 
tions of  a  particle  aro  inconiparubly  smaller  than  the  extent 
of  an  undulation.  This  is  not  strictly  the  case  in  any  in- 
stanec,  and  in  many  it  is  far  {rom  being  true.  In  a  pretty 
strong  twang  of  a  harp^chord  wire,  the  agitatioD  of  a  par- 
ticle may  be  near  the  50th  part  of  the  extent  of  the  undu- 
lalioD.  Thia  must  disturb  the  regidarity  of  the  motioo, 
and  cause  the  agitations  in  the  remote  undulations  to  tUfier 
from  those  in  the  first  pulse.  In  the  explosioa  of  a  cannon, 
the  breaking  of  an  exhausted  bottJe,  and  many  instances 
which  may  be  given,  tbe  agitations  are  still  greater.  The 
commentators  on  Newton's  Principia,  Le  Sueur  and  Jac- 
quier,  have  shown,  and  Euler  more  clearly,  that  when  the 
original  a^tations  are  very  violent,  the  particles  of  air  will' 
acquire  a  subordinate  vibration  compounded  with  the  regu- 
lar cycloidal  vibration,  and  the  progress  of  the  pulses  will 
be  somewhat  more  rapid  ;  but  the  intricacy  of  the  cahiulua 
is  so  great,  that  they  have  not  been  able  to  determine  with 
any  tolerable  precision  what  the  change  of  velocity  will  be. 

All  this,  however,  is  fully  confirmed  by  experiment  an 
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soundB.  The  Boijaad  ctf  a  cannoa  at  10  or  20  miles  distance 
does  not  in  the  least  resemble  its  sound  when  near.  In 
this  ease  it  is  a  loud  instantaneous  crack,  to  which  we  caa 
assign  no  muacal  pitch  :  at  a  distance,  it  is  a  grave  sounds 
of  which  we  can  tell  the  note ;  and  it  begins  softly,  sweUs 
to  its  greatest  loudness,  and  then  dies  away  growling.  The 
same  may  be  said  of  a  dap  of  thunder,  which  we  know  to 
be  a  loud  snap  of  still  less  duration*  It  is  highly  probable 
that  the  appreciable  tone  which  those  distant  sounds  afford 
are  produced  by  the  continuance  of  these  subordinate  vi* 
brations  which  are  added  together*  and  fortified  in  the  suo< 
cessLTe  pulses,  though  not  perceptible  in  the  first,  in  a  way 
somewhat  resembling  the  resonance  of  a  musical  chord. 
Newton^s  explanation  gathers  evidence  therefore  from  this 
circumstaiioQ«  And  we  must  further  observe,  that  all 
elastic  bodies  tremble  or  vibrate  almost  precisely  as  a  pen^ 
dulum  swinging  in  a  cycloid,  unless  their  vibrations  are  un* 
commonly  violent ;  in  which  case  they  are  quickly  reduced 
to  a  moderate  quantity  by  the  resistance  of  the  air.  The 
only  very  loud  sounds  which  we  can  produce  in  this  way 
are  from  great  bells ;  and  in  these  the  utmost  esLtent  of  the 
vibration  is  very  small  in  comparison  with  the  breadth  of 
the  pulse.  The  vekxaty  of  these  sounds  has  not  been  com- 
pared with  that  of  cannon,  or  perhaps  it  would  be  found 
less>  and  an  objection  against  Newton^s  determination  re- 
moved He  gives  969  feet  per  second,  Experiment  114S. 
But  it  is  also  very  probable,  that  in  the  propagation 
through  the  air,  the  agitation  gradually  and  rapidly  ap^ 
proaches  to  this  regular  cycloidal  form  in  the  successive 
pulses,  in  the  same  way  as  we  observe  that  whatever  is  the 
form  of  agitation  in  the  middle  of  a  smooth  pond  of  water, 
the  spreading  circles  are  always  of  one  gentle  form  without 
asperities.  In  like  manner,  into  whatever  form  we  throw  a 
stretched  cord  by  the  twang  which  we  give  it,  it  almost 
immediately  makes  smooth  undulations,  keeping  itself  in  the 
shape  of  an  elongated  txocbdid.  •  Of  this  last  we  can  de- 
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monstrate  the  necesaty,  because  the  case  is  simple.  In  Uic 
wave,  the  investigation  ia  next  to  impossible  ;  but  we  see 
the  fact.  We  may  therefore  presume  it  in  air.  And  ac- 
cordingly we  know  that  any  noise,  however  abrupt  and  jar- 
ring, near  at  band,  is  smooth  at  a  distance.  Nothing  is 
more  rough  and  harsh  than  the  scream  of  a  heron ;  but  at 
•  half  a  mile's  distance  it  is  soft.  The  ruffle  of  a  drum  is 
also  smooth  at  a  distance. 

Pig.  00.  shows  the  successive  situations  of  the  particles 
of  a  row.  Each  line  of  the  figure  shows  the  same  particles 
marked  with  the  same  letters ;  the  first  particle  a  being 
supposed  to  be  removed  successively  from  its  quiescent  si- 
tuation and  back  to  it  again.  The  mark  x  is  put  on  that 
part  of  each  line  where  the  agitated  particles  are  at  their  na- 
tural distances,  and  the  air  is  of  the  natural  density.  The 
mark  1  is  put  where  the  air  is  most  of  all  compressed,  and 
:  where  it  is  most  of  all  dilated;  the  curve  line  drawn 
through  the  lowest  line  of  the  figure  is  intended  to  repr^ 
sent  the  denaty  in  every  point,  by  drawing  ordinates  to  it 
from  the  straight  line :  the  ordinates  below  the  line  indi- 
cate a  rarity,  and  those  above  the  line  a  density,  greater 
than  common. 

It  appears  that  when  a  has  come  back  to  its  natural  si- 
tuation, the  part  of  greatest  density  is  between  the  par- 
ticles t  and  k,  and  the  greatest  rarity  between  c  and  d. 

We  have  only  to  add,  that  the  velocity  of  this  propaga 
tion  depends  on  the  elasticity  and  den»ty  of  the  fluid.  If 
these  vary  in  the  same  proportion,  that  is,  if  the  fluid  has 
its  elasticity  proportional  to  its  denuty,  the  velodty  will 
remain  the  same.  If  the  elasticity  or  density  alone  be 
changed,  the  velocity  of  the  undulations  will  change  in  the 
direct  subduplicate  ratio  of  the  elasticity  and  the  inverse 
subduplicate  ratio  of  the  density  ;  for  should  the  elastiaty 
be  quadrupled,  the  quantity  of  motion  produced  by  it  in 
any  given  time  will  be  quadrupled.  This  will  be  the  case 
if  the  velodty  be  doubled ;  for  there  would  then  be  double 
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the  number  of  poiticleB  douU  j  a^tated.  *  Should  the  den- 
flitj  be  quadrupled,  the  elasticity  renuuning  the  8anie»  the 
quantity  of  motion  must  remain  the  same.  This  will  be 
thecaseif  the  vetodtjr  be  reduced  to  one  half;  for  this  will 
propagate  half  the  agitation  to  half  the  distance,  which  will 
communicate  it  to  twice  the  number  of  particles,  and  the 
quantity  of  motion  will  remain  the  same.    The  same  may 

be  said  of  other  proportions,  and   therefore  V= =.. 

Therefore  a  change  in  the  barometer  will  not  affect  the  ve- 
locity of  the  undulations  in  air,  but  they  will  be  accelerat- 
ed by  heat,  which  diminishes  its  density,  or  increases  its 
elasticity.  The  velocity  of  tfie  pulses  in  mflammable  air 
must  be  at  least  thrice  as  great,  because  its  density  is  but 
one-tenth  of  that  of  air  when  the  elasticity  of  both  are  the 
same. 

Let  us  now  attend  a  little  to  the  propagation  of  aerial 
pulses  as  they  reaUy  happen  ;  for  this  hypothecs  of  a  single 
row  of  particles  is  nowhere  to  be  observed. 

Suppose  a  sphere  A,  Fig.  91 .  filled  with  condensed  ur, 
and  that  the  vessel  which  contains  it  is  suddenly  annihilat- 
ed. The  fdr  must  expand  to  its  natural  dimen^ons,  sup- 
pose BCD.  But  it  cannot  do  tins  without  pressing  aside 
the  surrounding  ur.  We  have  seen  that  in  any  single  row 
of  particles  this  cannot  be  at  once  diffused  to  a  distance,  but 
must  produce  a  condensation  in  the  air  adjoining ;  which 
will  be  gradually  propagated  to  a  distance.  Therefore  this 
sphere  BCD  of  the  c(Hnmon  denaty  will  form  round  it  a 
shell,  bounded  by  EF6,  of  condensed  air.  Suppose  that 
at  this  instant  the  inner  air  BCD  becomes  solid.  The  shell 
of  condensed  air  can  expand  only  outwards.  Let  it  expand 
till  it  b  of  the  common  denuty,  occupying  the  shell  HIK. 
This  expanson,  in  like  manner,  must  produce  a  shell  of 
condensed  air  without  it :  at  this  instant  let  HIK  become 
flolid.    The  surrounding  shell  of  ccmdensed  air  can  expand 
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only  outward,  condensing  another  shell  without  it.  It  is 
plain  that  this  must  go  on  continually,  and  the  central  ab- 
lation will  be  gradually  propogated  to  a  distance  in  aJJ  di- 
recticMiG.  But,  in  tliis  process,  it  is  not  the  same  numerical 
particles  that  go  to  a  distance.  Those  of  the  original 
sphere  go  no  further  than  BCD,  those  of  tike  next  shall  go 
no  further  than  HIK,  Sec.  Farther,  the  expansion  out- 
words  of  any  particle  will  be  more  moderate  as  the  diffu- 
sion advances ;  for  the  whole  motion  of  each  sliell  cannot 
exceed  the  original  quantity  of  motion ;  and  the  number  of 
particles  in  each  successive  shell  increases  as  the  surface, 
that  is,  as  the  square  of  the  distance  from  the  centre  : 
therefore  the  agitation  of  the  particles  will  decrease  in  the 
same  ratio,  or  will  be  in  the  inverse  duphcate  ratio  of  the 
distance  from  the  centre.  Each  successive  shell,  therefore, 
rontons  the  same  quantity  of  motion,  and  the  successive 
agitations  of  tjie  particles  of  any  row  out  from  the  centre 
will  not  be  equal  to  the  original  agitation,  as  happens  in  the 
sohiary  row.  But  this  does  not  alfect  the  velointy  of  the  pro- 
pagation, because  all  a^tations  ore  propagated  equally  fast. 
We  supposed  the  ur  A  to  become  aoUd  as  soon  as  it  ac- 
quired  the  common  denKty;  but  this  was  to  facilitate  the 
conception  of  the  diffu^n.  It  does  not  stop  at  this  bulk  ; 
for  while  it  was  denser  it  had  a  tendency  to  expand.  Thete- 
fore  each  particle  has  attuned  this  distance  with  an  accele- 
rated motion.  It  will,  therefore,  continue  thb  motion  like 
a  pendulum  that  has  passed  the  perpendicular,  till  it  is 
brought  to  rest  by  the  tur  without  it ;  and  it  is  now  roier 
than  common  ur,  and  coIUpses  agun  by  the  greater  elas- 
tidty  of  the  air  without  it  This  outward  mr,  therefore,  in 
regaining  its  natural  denuty,  must  expand  both  ways.  It 
expands  towards  the  centre,  following  the  colli^nng  of  the 
air  within  it;  and  it  expands  outwards,  condensing  the 
air  beyond  it.  By  expanding  inwards,  it  will  again  cos- 
dense  the  air  within  it,  and  this  will  again  expand ;  &  sU 
milar  motion  hiq>pens  in  all  the  outward  shells ;  and  thus 


pyEiniATic&  T39 

there  is  pnqMgated  a  succession  of  condensed  and  rare- 
fied shells  of  air,  which  gradually  swell  to  the  greatest 
distance. 

It  may  be  deniiuistraled,  that  when  the  central  air  has 
for  the  second  time  acquired  the  natural  density,  it  will  be 
at  rest,  and  be  disturbed  no  more ;  and  that  this  will  hap- 
pen to  all  the  shdls  in  succession.  But  the  demonstration 
is  much  too  intricate  for  this  place ;  we  must  be  contented 
with  panting  out  a  fact  perfectly  analogous.  When  we 
drop  a  small  pebble  into  water,  we  see  it  produce  a  series 
of  circular  waves,  which  go  along  the  surface  of  smooth 
water  to  a  great  distance,  becoming  more  and  more  gentle 
as  they  recede  from  the  centre ;  and  the  middle,  where  the 
agitation  wa^  first  produced,  remains  perfectly  smooth,  and 
this  smoothness  extoids  continually ;  that  is,  each  wave, 
when  brought  to  a  level,  remains  at  rest.  Now  these  waves 
are  produced  and  propagated  by  the  depression  and  eleva- 
tion made  at  the  centre.  The  elevation  tends  to  diiSiise 
itself;  and  the  force  with  which  each  particle  of  water  is 
actuated  is  a  force  acting  directly  up  and  down,  and  is  pro- 
pordooal  to  the  devation  and  'depression  6f  the  particle. 
This  hydrostatical  pressure  operates  precisely  in  the  same 
way  as  the  condensation  and  rarefaction  of  the  air ;  and 
the  mathemadcal  investigation  pf  the  propagation  of  the 
drcular  undulations  on  smooth  water  is  similar  in  every 
step  to  that  of  the  propagation  of  the  spherical  waves  in  still 
air.  For  this  we  appeal  to  Newton^s  /Vifictpia,  or  to  Euler^s 
OpuiculOf  where  he  gives  a  very  beautiful  investigation  of 
the  vcQodty  of  the  aerial  pulses ;  and  to  some  memoirs  of 
de  la  Grange  in  the  collections  of  the  academies  of  Berlin 
and  Turin.  These  two  last  authors  have  made  the  inves- 
tigation as  nmple  as  it  seems  possible,  and  have  freed  it 
from  every  objection  which  can  be  stated  against  the  geo- 
metrical one  of  their  great  teacher  Newton. 

Having  said  this  much-  on  the  similaxi^  between  the 
waves  on  water  and  fhe  aerial  uiidulatioos^  we  sbaU  have 
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recourse  to  them,  as  afTording  us  a  very  sensible  object 
to  represent  many  affections  of  the  other  which  ii  would  be 
extremely  difficult  to  expbun.  We  neither  see  nor  feel  tlie 
aerial  undulations ;  and  they  behoved,  therefore,  to  be  de- 
scribed very  abstractedly  and  imperfectly.  In  the  watery 
wave  there  is  no  permanent  progressive  motion  of  the  water 
from  the  centre.  Throw  a  small  bit  of  cork  on  the  surface, 
and  it  will  be  observed  to  popple  up  and  down  without  the 
least  motion  outwards.  In  like  manner,  the  particles  oi 
air  are  only  agitated  a  very  little  outwards  and  inwards  ; 
which  motion  is  communicated  to  the  parlicles  beyond 
them,  while  they  themselves  come  to  rest,  unless  agitated 
afresh ;  and  this  agitation  of  the  particles  is  inconceivably 
small.  Even  the  explosion  of  a  cannon  at  no  great  distance 
will  but  gently  agitate  a  feather,  giving  it  a  single  impuW 
outwards,  and  immediately  after  another  inwards  or  to- 
wards the  cannon.  When  a  harpsichord  wire  is  tbrdbly 
twanged  at  a  few  feet  distance,  the  agitation  of  the  air  is 
next  to  insensible.  It  is  not,  however,  noUiing ;  and  it  dif- 
fers from  that  in  a  watery  wave  by  being  reaSi/  outwards 
and  inwards.  In  consequence  of  this,  when  the  cmdoised 
shell  reaches  an  elastic  body,  it  impels  it  slighdy.  If  its 
elasticity  be  such  as  to  make  it  acquire  the  oppoute  shape 
at  the  instant  that  the  next  agitation  and  condensed  shell 
of  air  touches  it,  its  agitation  will  be  doubled,  and  a  third 
agitation  will  increase  it,  and  so  on,  till  it  acquire  the  agi- 
tation competent  to  that  of  the  shell  of  air  which  reaches 
it,  and  it  is  thrown  into  tentidle  vibration,  and  gives  a  sound 
extremely  faint  indeed,  because  the  agitation  which  it  ac- 
quires is  that  corresponding  to  a  shell  of  air  connderably 
removed  from  the  original  string.  Hence  it  happens  that 
a  musical  chord,  pipe,  or  bell,  wiU  cause  another  to  resound, 
whose  vibrations  ara  isocbronous  with  its  own ;  or  if  the 
vibrations  of  the  one  coincides  with  every  second,  or  third, 
or  fourth,  &c.  of  the  other ;  just  as  we  can  put  a  very 
heavy  pendulum  into  sensible  motion  by  giving  it  a  gentle 
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puff  with  the  breath  at  every  yibration^  or  at  every  second, 
third,  or  fourth, '&c.  A  drum  struck  in  the  neighbourhood 
of  another  drum  will  agitate  it  X)efy  senHUy ;  for  here  the 
stroke  depresses  a  very  conaideraUe  surface,  and  produces 
an  a^tation  of  a  considerable  mass  of  air :  it  will  even  agi- 
tate the  surface  of  stagnant  water.  The  explosion  of  a 
cannon  will  even  break  a  neighbouring  window.  The  shell 
of  condensed  air  which  comes  against  the  glass  has  a  great 
surface  and  a  great  agitation  :  the  best  security  in  this  case 
is  to  throw  up  the  sash ;  this  admits  the  condensed  air  in- 
to the  room,  which  acts  on  the  inside  of  the  window,  ba- 
lancing part  of  the  external  impulse. 

It  is  demonstrated  in  every  elementary  treatise  of  na- 
tural philosophy,  that  when  a  wave  on  water  meets  any 
plane  obstacle,  it  is  reflected  by  it  from  a  centre  equally 
removed  behind  the  obstacle ;  that  waves  radiating  from 
the  focus  of  a  parabola  are  reflected  in  waves  perpendicular 
to  its  axis;  that  waves  radiating  from  one  focus  of  an  ellipse 
are  made  to  converge  to  the  other  focus,  &c  &c.  All  this 
may  be  affirmed  of  the  aerial  undulations ;  that  when  part 
of  a  wave  gets  through  a  hole  in  the  obstacle,  it  becomes 
the  centre  of  a  new  series  of  waves ;  that  waves  bend  round 
the  extremities  of  an  obstacle :  all  this  happens  in  the  aerial 
undulations.  And,  lastiy,  that  when  the  surface  of  water 
is  thrown  into  regular  undiilations  by  one  agitation,  ano- 
ther agitation  in  another  place  will  produce  other  regular 
waves,  which  will  cross  the  former  without  disturbing  them 
In  the  smallest  degree.  The  same  thing  happens  in  air ; 
and  experiments  may  be  made  on  water  which  will  illus- 
trate in  the  most  perfect  manner  many  other  affections  of 
the  aerial  pulses,  which  we  should  otherwise  conceive  very 
imperfecdy.  We  would  recommend  to  our  curious  readers 
to  make  some  of  these  experiments  in  a  large  vessel  of  milk. 
Take  a  long  and  narrow  plate  of  lead,  which,  when  set  on 
the  bottom  of  the  vessel,  will  reach  above  the  surfiu^e  of 
the  milk;  bend  this  plate  into  a  parabola,  dfiptical  or 
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otlier  curve.  Make  the  undulations  by  dropping  tnilk 
on  the  focus  from  a  small  pipe,  which  will  cause  the  ogita. 
tions  to  succeed  with  rapidity,  and  then  all  that  we  have 
said  will  be  most  distinctly  seen,  and  the  experiment  will 
be  very  amusing  and  instructive,  especially  to  the  musical 
reader. 

We  would  now  request  all  who  make  or  read  cxplana- 
tJODS  of  natural  phenomena  by  means  of  vibrations  of  ethers, 
animal  spirits,  nervous  fluids,  &c.  to  fix  their  attention  on 
the  nature  of  tlic  ablation  in  one  of  these  imdulations. 
Let  him  consider  whether  this  can  produce  the  pheno- 
menon, acting  as  any  matter  must  act,  by  impulse  or  by 
pressure.  If  he  sees  that  it  can  produce  the  phenomenon, 
he  will  be  able  to  point  out  the  very  motion  it  will  produce, 
both  in  quantity  and  direction,  in  the  same  manner  as  Sir 
leaac  Newlon  has  pointed  out  all  the  irregularities  of  the 
moon's  motion  produced  by  the  disturbing  force  of  the  sun. 
If  he  cannot  do  this,  he  fails  in  giving  the  first  evidence  of 
a  mechanical  explanation  by  the  action  of  an  elastic  vibrat- 
ing fluid.  Let  him  then  try  to  point  out  some  palpable 
connexion  between  the  general  phenomena  of  elastic  undu- 
lations and  the  phenomenon  in  question;  this  would  show 
aa  accompaniment  to  have  at  least  some  probability.  It  is 
thus  only  we  learn  that  the  undulations  of  air  produce 
sotuid :  we  cannot  tell  how  they  aSect  the  mechanism  of 
the  ear;  but  we  see  that  the  phenomena  of  sound  always 
accompany  them,  and  that  certun  modifications  of  the  one 
are  regularlj  accompanied  by  certun  modifications  of  the 
other.  If  we  cannot  do  this,  we  have  derived  neither 
explanation  nor  illustration  from  the  elastic  fluid.  And, 
lastiy,  let  him  remember  that  even  if  be  should  be  able  to 
show  the  competency  of  this  fluid  to  the  production  of  the 
phenomenon,  the  whole  is  still  an  hypothecs,  because  m 
do  not  know  that  such  a  fluid  exists. 

We  will  venture  to  say,  that  whoever  will  proceed  in  this 
iwudent  manner  will  soon  see  the  futility  <^  most  of  the 
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expIanatioDB  of  tlus  kind  which  have  been  given*  They  ore 
unfit  ftr  any  but  consummate  mathematidans ;  for  they 
aliRie  really  understand  the  mpchanism  of  aerial  undula*  - 
tioiis,  and  even  they  qpeak  of  them  with  hesitataon  as  a 
thing  but  imperfiKtly  understood,  fiuteven  the  unleanied 
in  this  sdenoe  can  see  the  inoompatilulit)r  of  the  hypotheses 
with' many  things  which  they  are  brought  to  explain.  To 
take  an  instance  of  the  conveyance  of  sensadon  along  the 
nerves ;  an  elastie  fluid  is  supposed  to  occupy  them,  and 
the  undulations  of  this  fluid  are  thought  to  be  propagated 
along  the  nerves.  Let  us  just  think  a  Uttle  how  the  undu- 
lations would  be  conveyed  along  the  surface  of  a  canal 
which  was  completely  filled  up  with  reeds  and  bulrushes, 
or  let  us  make  the  experiment  on  such  a  canal:  we  may 
rest  assured  that  the  undulations  in  the  one  case  will  re- 
semUe  those  in  the  oth^;  and  we  may  see  that  in  the 
canal  there  will  be  no  regular  or  sensible  propagation  of  the 
waves. 

Let  these  obenrvations  have  their  influence,  along  with 
others  which  we  have  made  on  other  occasions,  to  weaa  our 
readers  from  this  fashionable  proneness  to  introduce  in- 
visible fluids  and  unknown  vibriEitions  into  our  physical 
discussions.  They  have  done  immense,  and,  we  fear,  irre- 
parable, mischief  in  science;  and  there  is  but  one  pheno- 
menon that  has  ever  received  any  ex[danation  by  their 


This  may  suffice  for  a  loose  and  popular  account  of  aerial 
undulations ;  and  with  it  we  conclude  our  account  of  the 
motion,  impulse,  and  reastance  of  air. 

We  shall  now  explain  a  number  of  natural  appearances, 
depending  on  its  pressure  and  elasticity,  appearances  not 
sufficiently  general,  or  too  compUcated  for  the  purposes  of 
argument,  while  we  were  employed  in  the  investigation  of 
these  properties,  but  too  important  to  be  pass^over  in  A- 
lenee. 

It  is  owing  to  the  pressure  of.  the  atmosj^iere  thai  two 
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surfaces  which  nocuntely  fit  each  other  cohere  with  subb  > 
tOToe,  This  IB  ft  fact  familiarly  known  to  Uie  gla8»-gnndera, 
polishers  of  marble,  Sic.  A  large  leas  or  Gpeculum,  groutul 
on  its  tool  till  it  becomes  very  smooth,  requires  more  than 
miy  man's  strength  to  separate  it  directly  from  the  tool.  If 
the  surface  is  only  a  square  inch,  it  niU  require  15  pounds 
to  separate  them  perpendicularly,  ibough  a  very  moderate 
force  will  make  them  slide  along  each  other.  But  this  at- 
heeion  ia  not  obs«-ved  unless  tlie  surfaces  are  wcUed  or 
smeared  with  oil  or  grease ;  otherwise  the  air  gets  between 
them,  and  they  separate  witbou'  any  trouble.  That  this 
cohesion  is  owing  to  the  atmospheric  pressure,  is  evident 
from  the  ease  with  which  tlie  plates  may  be  separated  ia  an 
cxiiausted  receiver. 

To  the  same  cause  we  must  ascribe  the  very  strtHig  ad- 
hesion of  snails,  periwinkles,  limpets,  and  other  univalve 
shells,  to  the  rocks.  The  animal  forms  the  rim  of  its  shell, 
so  as  to  fit  the  shape  of  the  rock  to  which  it  intends  U> 
cling.  It  then  fills  its  shell  (if  not  already  filled  by  its  own 
body)  with  water.  In  this  condition  it  is  evident  that  wq 
mmtact  with  a  force  equal  to  15  pounds  for  erety  square 
inch  of  touching  surface  before  we  can  detach  it.  ThU 
may  be  iUuitrated  by  filling  a  drinking  glass  to  the  brim : 
irith  water;  and  baring  covered  it  with  a  piece  of  tbio.wet 
leather,  whelm  it  on  a  table,  and  th«i  t^  to  pull  it  stiaigbt 
up  i  it  wiU  require  a  conuderable  force.  But  if  we  expose . 
a  snail  adhering  to  a  stone  in  the  exhausted  recover,  we 
■hall  see  it  drt^  off  by  its  own  weight.  In  the  ssne  man. 
ner  do  the  remora,  the  polypus,  the  lamprey,  and  nunj 
other  animails,  adhere  with  such  firmneis.  Boys  &equently 
amuse  themselves  by  pulling  out  large  stones  frou  th« 
pavement  by  means  of  a  circle  of  stiff  wetted  leather  tattea- . 
ed  to  a  string.  It  u,  owing  to  the  same  caueie  thajbrthe 
Uvalve  shell  fishes  keep  themsdves- so  firmly  shuL  .  Ws 
tlui^  the  muscular  force  of  an  oyster  prodigious  because 
itra^iBteiLsuGhfoiM  t0{ijp<3iiti,.but  if^we  gn[K)offa.bit 
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of  the  conrex  riieHy  sot  aa  to  make  a  hde  in^  it,  though 
without  hurtiiig  the  ftdi  in  the  smallest  d^ree,  it  opens 
with  grest  ease,  as  it  does  also  tfi  vacua. 

The  jmssure  of  the  air^operadngintlus  way,  eontribiites 
modi  to  the  cotMmaa  of  bodies,  where  we  do  not  su^iect 
its  influence.  The  tenadty  of  our  mortars  and  cements 
would  frequently  be  ineftctual  without  tlus  assistance. 

It  is  owing  to  the  pressure  of  die  atmoqihere  that  a  eask 
will  not  run  by  the  cock  unless  a  hole  be  opened  in  some 
other  part  ef  the  cadL  If  the  cask  is  not  quite  full,  some 
liquor  indeed  will  run  out,  but  it  will  stop  as  soon  as  the 
diminiahed  elasticity  of  the  «r  above  the  fiquor  is  in  cqui- 
fario  (togedierwi^th^liqiiar)  with  the  atmospheric  pres-> 
sure.  In  like  manner,  a  teapot  must  have  a  smaU  hole 
in  its  lid  to  ensure  its  pouring  out  the  tea.  If  indeed  the 
hde  in  the  cask  is  of  laige  dimenrions,  it  will  run  with* 
out  any  other  hcde,  because  air  w31  get  in  at  the  upper 
adet)f  the  hole  while  the  liquor  runs  out  by  the  lower  part 
of  it 

On  the  same  prindple  depends  the  performance  of  an  in- 
strument used  by  the  spmt-deakrs  {or  takmg  out  a  sample 
of  their  spirits.  It  consists  of  a  long  titn-]date  tube  AB 
(Fig.  74.)  open  atop  at  A,  and  ending  in  a  small  hde  at 
B.  The  end  B  is  dipped  into  the  spirits,  whidi  rises  into 
the  tube ;  then  the  thumb  is  dapt  on  the  mouth  A,  and 
the  whole  is  lifted  out  of  the  casL  The  spirit  remains 
in  it  till  the  thumb  be  taken  off;  it  is  then  alhmed  to  run 
into  a  glass  for  examination. 

It  seems  prindpally  owing  to  the  pressure  of  themr  that 
frosts  immediately  occasion  a  scantiness  of  water  in  our 
fountains  and  weUs.  This  is  enoneously  accounted  for,  by 
supporing  that  the  water  fveeses  in  the  bowdsof  the  earth. 
But  this  is  a  great  mistake :  the  most  intense  frost  of  a  Si- 
berian winter  would  not  freeie  the  ground  two  feet  deep ; 
butairery  moderate  ftost  will  consolidate  the  whole  8urfi»e 
of  a  country,  and  miake  it  impernops  to  the  air;  especially 


if  Ihc  frosl  his  been  preceded  by  ram,  which  has  soaked 
the  siir&ce.  When  this  happens,  the  water  which  ws& 
filtering  through  the  ground  is  all  arrested  and  kept  suft- 
pended  in  its  capillary  tubes  by  the  pressure  oC  the  air,  ia 
the  very  sajne  manner  a»  the  spirits  are  kept  suspended  in 
the  instrument  just  now  described  by  the  thumb's  shutting 
the  hole  A.  A  thaw  melts  the  superficial  ice,  and  allows 
the  water  to  run  in  the  same  maooer  as  the  spirits  run  when 
the  thumb  is  removed. 

Common  iur  is  necessary  for  supporting  the  lives  ofmoet 
animals.  If  a  small  animal,  such  as  a  mouse  or  bird,  be 
put  under  the  receiver  of  an  air-pump,  and  the  air  be  ex> 
bausted,  the  animal  will  quickly  be  thrown  into  con  vul»ons 
and  fall  down  deiul ;  if  the  air  be  immediately  readiuitied, 
the  animal  will  sometimes  revive,  especially  if  the  rarefac- 
tion has  been  briskly  made,  and  has  not  been  very  great. 
We  do  not  know  that  any  breathing  animal  can  bear  the 
air  to  be  reduced  to  j  of  its  ordinary  density,  nor  even  ^  ; 
nor  have  we  good  evidence  that  an  animal  will  ever  recover 
if  the  rarefaction  is  pushed  very  far,  although  continued 
tar  •  very  short  time. 

3ut  tfw  mere  presence  of  the  air  is  b;  no  meana  suffir 
dent  for  jvsflervii^  the  life  of  tb^  animal ;  &r  it  is  fbund^ 
that  aa  atfimql  shut  up  in  a  vessel  of  air  cannot  li^^  in  it. 
for  any  lengths  of  time.  If  a  man  be  shpt  up  in  s,  box, 
oootaining  a  wine  ht^shead  of  aii^  he  caonpt  live  in  it  much 
ajiove  m  houK,  wA  1<WS  before  this  he  wiU  find  bis  bneatlir 
iog  very  nnsad^actory  and  uneasy.  A  galkm  of  air  will 
su^KHTt  hipi  about  a  minute.  A  box  £F  (Fig.  75>)  may 
be  made,  having  &.  ppe  AB  iaserted  into  its  t<^,  uid  fitted 
with  a  very  light  yalve  ai,  B,  <^)eiuiig  upwards.  This  ppe 
senda  off  a  lateral  brani^.  d  D  4  C*  wiiich  alters  tbe  box  at 
the  bottom^  and  is  also-  fitted,  vith  a.  %bt  valve  at  C  t^pen- 
iogupwards.  If  a  person  bre^betboDugb;  the  pipe,  keeping 
Iw.iwstrils  shut,,  it  ie^eyidcnt  that  the,iur  which  be  expines 
will  nA.tQt^i;  tliabiwlrytlHtK^.B,  ww  leturn  thiougb 


the  pipe  CD  d  ;  and  by  this  oootriiraiice  he  nill  gndually 
eiki{dojr  the  whole  air  of  the  box.  With  thiv  apparatus  ex- 
periineiits  caai  be  made  without  any  risk  or  inocmveDienqr, 
and  the  quantity  of  air  necessary  for  a  g^ven  time  of  easy 
breathing  may  be  aocuratdy  ascertained. 

How  the  air  of  our  atmosphere  produces  this  efiSect,  is  i| 
question  which  does  not  belong  to  mechanical  philosc^y 
to  investigate  or  determiife.  We  can,  however,  aflBrnXj 
that  it  is  nether  the  jHressure  nor  the  dasticit|r  of  the  air 
which  is  immediately  concerned  in  maintaining  the  animal 
functions.  We  know  that  we  can  live  and  breathe  with 
perfect  freedom  on  the  tops  of  the  hi^^iest  mountains.  The 
valley  of  Quito  in  Peru,  and  the  country  round  Gondur 
in  Abysnnia,  are  so  far  elevated  above  the  sur&oeof  the 
ocean,  that  the  pressure  and  the  elastidty  of  the  ur  are 
one4hird  less  than  in  the  low  countries ;  yet  these  are  po- 
pulous and  healthy  places.  And,  on  the  other  hand,  we 
know,  that  when  an  animal  has  breathed  in  any  quantity 
of  air  for  a  certun  time  without  renewal,  it  will  not  only 
be  suffocated,  but  another  animal  put  into  this  air  will  die 
immediately ;  and  we  do  not  find  either  the  pressure  or 
elasticity  of  the  air  remarkably  diminished:  it  isindeed 
diminished,  but  by  a  very  small  quantity.  Bestoring  the 
former  pressure  and  elasticity  has  not  the  smallest  tendency 
to  prevent  the  death  of  the  animal :  fcxr  an  animal  will  live 
no  longer  undar  a  receiver  that  has  its  mouth  inverted  on. 
water,  than  in  one  set  upon  the  pump-plate  covered  witl^ 
leather.  Now,  when  the  receiver  is  set  <m  water,  the  pres- 
sure of  the  atmosphere  acts  completely  on  the  included  air, 
and  preserves  it  in  the  same  state  of  elasticity. 

In  short,  it  is  known  that  the  air  which  has  already  serv- 
ed  to  maintain  the  ammal  functions,  has  its  chemical  and 
alimentary  properties  com{detely  changed,  and  is,  no  longer 
fit  tat  this  purpose.  So  much  of  any  mass  of  air  as  has 
really  been  thus  emfdoyed  is  changed  into  what  is  called 
Juced  air  by  Dr  Bhd(,  or  carbonic  add  by  the  chemisu  of 


Ac  Lavoiaerian  school.  Any  person  may  be  convinced  of 
this  by  breathing  or  blowing  through  a  pipe  immersed  in 
Hme  water.  Every  expiration  will  produce  white  clouils  on 
the  water,  till  all  the  lime  which  it  contains  is  precipitated 
in  the  form  of  pure  chalk.  In  this  case  wc  know  that  the 
lime  has  combined  with  the  fixed  air. 

The  celebrated  Dr  Stephen  Hales  made  many  experi- 
ments with  a  view  to  clear  the  air  from  the  noxious  vapoar 
which  he  supposed  to  be  emitted  from  the  lungs. 

He  made  use  of  the  apparatus  which  we  have  been  just 
now  mentioning;  and  he  put  severd  diaphrogms^,^  &c. 
of  thin  woollen  stuff  into  the  box,  and  moistened  them  with 
various  liquids.  He  found  nothing  so  cfficadous  as  a  solu- 
tion of  potasli.  We  now  understand  this  perfectly.  If 
the  solution  is  not  already  saturated  with  fixed  air,  it  will 
take  it  up  as  fast  as  it  is  produced,  and  thus  will  purify 
the  air :  a  solution  of  caustic  alkali  therefore  will  have  this 
eflect  till  it  is  rendered  quite  mild. 

These  experiments  have  been  repeated,  and  varied  in 
many  circumstances,  in  order  to  ascertain  whether  this  fix- 
ed air  was  really  emitted  by  the  lungs,  or  whether  tbe  in- 
qared  air  was  in  part  changed  into  €xed  air  by  its  combi- 
nation with  aome  other  substance.  This  is  a  question  whi(^ 
oomes  properly  in  our  way,  and  which  the  doctrines  <rf' 
pneumatics  enable  us  to  answer.  If  the  fixed  air  be  iaaU 
ted  in  substance  from  the  lungs,  it  does  not  appear  how  a 
renewal  of  the  air  into  which  it  is  nnitted  b  necessary :  for 
Ibis  does  not  binder  the  subsequent  emisEdon ;  and  the  bulk 
of  die  air  would  be  increased  by  breiithing  in  it,  viz.  by  the 
bulk  of  all  the  fixed  air  emitted;  but,  on  the  contrary,  it 
n  a  little  diminished.  We  must  therefore  adopt  the  otber 
o^ion ;  and  the  discoveries  in  modem  chemistry  enable 
us  to  pve  a  pretty  accurate  account  of  the  whole  prooen. 
Fixed  air  is  acknowledged  to  be  a  compound,  of  which  one 
ingredient  is  found  to  omutitute  about  ^  of  the  whole  at- 
moqibecic  fluid ;  we  mean  vital  wr  or  the  oxygen  of  La- 
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voifier.  When  thu  is  oomUned  with  phlogtftctt»  •ocowU 
iDg  to  the  doctrine  of  Stahl,  or  with  charcxMl^  aooordiiig 
to  Lavoisier,  the  leiult  is  fixed  air  or  carbonic  add.  The 
diange  therefi3re  which  hreatUng  makes  on  the  air  is  the 
solution  of  this  matter  by  vital  air ;  and  the  use  of  air  in 
breathing^is  the  carrying  off  this  noxious  principle  in  the 
way  of  sohition.  When  therefore  the  air  is  already  so  far 
saturated  as  not  to  dissolve  this  substmce  as  fast  as  it  is  se- 
creted, or  must  be  secreted  in  the  lungSi  the  animal  suffers 
the  pain  of  suflbcationy  or  is  otherwise  mortally  affiacted. 
Su£Sx»tion  is  not  the  only  consequence ;  for  we  can  reuMun 
for  a  number  of  seconds  inthout  breathing,  and  then  we 
begin  to  feel  the  true  pain  of  suffocation ;  but  those^who 
have  been  instantaneously  struck  down  by  an  inapratian 
of  fixed  air,  and  afterwards  recovered  to  life,  complained  of 
no  such  pain,  and  seemed  to  have  suffered  chiefly  by  a  ner- 
vous affection.  It  is  said  (but  we  will  not  vouch  for  the 
truth  of  it),  that  a  person  may  safely  take  a  full  inspiration 
of  fixed  air,  if  the  passages  of  the  nose  be  shut;  and  that 
unless  these  nerves  be  stimulated  by  the  fixed  ur,  it  is  not 
instantaneously  mortaL  But  these  are  questions  out  <tf  our 
present  line  of  inquiry.  They  are  questions  of  physiology, 
and  are  treated  ci'm  other  works.  Our  bunness  is  to  ex- 
plain in  what  manner  the  pressure  and  elasticity  of  the  air, 
comlnned  with  the  structure  and  mechanism  of  the  body^ 
operate  in  produdng  this  necessary  secretion  and  removal 
of  the  matter  discharged  from  the  lungs  in  the  act  of 
breathing. 

It  is  well  ascertained,  that  the  seceetion  is  made  from  the 
mass  of  Uood  during  its  passage  through  the  lung&  The 
blood  debvered  into  the  lungs  is  of  a  dark  blackish  cokMUV 
and  it  is  there  changed  into  a  florid  red.  In  the  lungs  it 
is  exposed  to  the  action  of  the  air  in  a  prodigiously  ex^ 
tended  surfiu» :  for  the  lungs  consist  of  an  inconodvaUe 
number  of  small  vessds  or  Madders,  cnmmunicatinjB  with 
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^Mdi  otto  iad  with  the  Mad^  Tbcke  livflU  iHI 
«ir  lA  emjl'  inspiratkiii.  Tbte  «Miebi  abb  «MipkK  k 
contact  with  inimitB  blnnd  iPfcaJid  fFb^hkt^imwdm 
M»  oooM  into  immedkteooBtMt With ite  «r«  orfillMil 
Men  that  it  iaenly  die  tiun  wpaipt  of  hWlaihiiWrii 
«nbgrtheair«t4heMnatli«  rfthaiiaKih  o^pn^vlai 
it  fttands  by  cafnHarf 

wmous  blood  aHdoMd  ia  thin  MaMirB  iiJi 
bnmeB  was  mdend  florid  by  ka&fmgtibmlMaiienmm^ 
t«et  frith  abmidaiioeofpureviud  air.     WeimmdK^M 
famah  18  moist  or  dioipy  and  nmtthmn  aci|mdtiaii 
tore  m  the  lungai    It  ife  ttUBntoriii  whether  lUi 
of  water  or  lymph  (a»the  aMitonneta'^  eall  i0befaniM 
by  mere  exudation  through  linqile  pore%  orb^efaadW 
aodoigatiie  aeoratioii;  in  either  eaee^  eome  hgnSaid 
the  Uood  eonoeo  in  eontact  with  mr  in  die  liBig%  ml  thw 
loriteB  widi  it    This  is  fardier  imfiiiniilj  feyeboti^ 
that  all  bpeathiiig  animals  are  wanner  than  tte  ami<n^ 
ing  medium,  and  that  by  every  process  in  whidi  fixed  or 
is  formed  from  vital  air  beat  is  produced.     Heaoedna>* 
lution  in  air  of  something  from  die  blood  has  beennagiKJ 
by  many  as  the  source  of  animal  heat.     Wetouchoodieff 
things  iti  a  very  transitory  way  in  thb  |daoe,  oslj  noider 
to  prove  that,  for  the  support  of  animal  life^  there  mtftk 
a  very  eztoMive  apj^oatUm  of  idr  to  the  blood,  and  tU 
this  is  made  in  the  hings. 

The  question  before  us  in  Ais  place  is^  Haw  h  tto 
brought  about  by  the  wdght  and  elasticity  rf  the  ar? 
This  is  done  in  two  ways;  by  the  acticm  of  the  musdesof 
the  libs,  and  by  the  action  of  the  diajdini^  and  acher 
musdes  of  the  abdomen.  The  thorax  or  chest  ktgnd 
cavity,  compklely  filled  by  the  lungs.  The  ndesof  the 
cavity  ate  formed  by  the  ribs.  These  are  crooked  or  ardh 
ed,  nad  each  is  moveable  round  itatwo  end%  one  of  tbai 
being  fatterted  into  the  vertebtie  of  the  hack,  and  theirtiier 
into  the  sternum  or  breast4xai0.  The  rib  turns  in  a 


FHSUICATICS.  Tftl 

jUBtgrfittwg  the  fmadie  of  a  dnwer.  The  rnqpeetkn  of  J^. 
'76  will  illustrate  tfau  matter  a  little.  Suppose  the  curves 
at f,  b  Jcji  clg^  &&  to  represent  the  libs  moresble  round 
the  extremities.  Each  succeeding  rib  is  more  bait  than 
the  one  above  it,  and  this  curvature  b  both  in  the  vatical 
and  horizontal  direction.  Suppose  each  so  broad  es  to  )mo- 
ject  a  little  over  its  inferifnr  like  the  tiles  of  a  roof.  It  is 
erident,  that  if  we  take  the  lower  one  by  its  middle,  and 
draw  it  out  a  little,  moving  it  round  the  line  »p,  it  will 
faring  out  the  next  dm  A  along  with  it  Also,  because  the 
^jgfjmgp  of  the  middle  point  o  from  the  axis  of  motiim  np 
is  greater  than  the  distance  of  m  from  the  axis  dh^  and 
because  o  will  therefiore  describe  a  portion  of  a  largar 
circle  than  m  does,  the  rib  n  op  will  slide  up  a  little  under 
the  rib  d m  A,  or  the  rib  dmh  will  overlap  nop  a  little 
more  than  before ;  the  distance  o  m  will  therefore  be  dimi- 
nished. The  same  must  hqipen  to  all  the  superior  ribs; 
but  the  change  of^Ustance  will  be  leas  and  less  as  we  go 
upwards.  Now,  instead  of  this  great  breadth  of  the  ribs 
overlapping  each  other,  suppose  each  inferior  rib  connected 
with  the  (me  above  it  by  threads  or  fibres  susceptiUe  of 
contraction  at  the  will  of  man.  The  articulations  e^  a«  of 
the  first  or  upper  rib  with  the  sfine  and  sternum  are  so 
broad  and  firm,  that  this  rib  can  have  little  or  no  motion 
round  the  line  at;  this  rib  therefore  is  as  a  fixture  for  the 
ends  of  all  the  contracting  fibres :  therefore^  whenever  the 
fibres  which  connect  the  second  rib  with  the  first  rib  con- 
tract, the  second  must  rise  a  little,  and  also  go  outward, 
and  will  carry  the  lower  ribs  along  with  it ;  the  third  rib 
will  rise  still  farther  by  the  contraction  of  the  sausdes  which 
connect  it  with  the  second,  and  so  mi :  and  thua  the  whole 
ribs  are  raised  and  thrown  outward  (atid  a  little  forward, 
because  the  articulation  of  each  with  the  sf^  i«  conrider- 
ably  higher  than  that  with  the  sternum),  add  the  capacity 
of  the  thorax  b  enlarged  by  the  contraction  of  its  muscular 
covering.    The  direction  of  the  muscular  fibres  is  very 
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dbliqiie  lo  tiie  d&ri0libii 
duces;  <himidndi€iicuuMt«aBtkAilaii% 
Date  oQOtncdoii  of  the  nmibbp  pufJiim  aB  tte  m&i 
which  b  uuoBamiy.  This  indwd  is  jkiC  gnsfc;  dieikh 
mociaii  of  the  loivreBt  lihs  is  less  Asn  on  OHh  kike 
nolent  inqxrationy  end  the  irfiole  eontxaetiisi  of  Ae 
dee  of  the  18  ribe  does  not  eoKosed  die  agjbAfmtdm 
inrh;  irrm  euppnehifl  thr  inferonsfsl  MimiinlBn  et  f%ftf  flu 
to  the  r9be ;  end  bdiig  oblique^  dhe  iwitisttiuu  ii  ifl 
kii.  It  would  eeem,  thst  thmh$amty  of  theoosdaetiie 
power  of  a  nmeBnlsr  fihra  is  easily  pbtaiiiedf  hut  thtf  tk 
ipsoe  throog^  whidi  It  can  be  czetiedisTeijjfaailri;  fir 
inmoit  caeet  nature  {daoea  the  musdcs  it  fltatiMai 
great  mechanical  diaedvantage  in  this  raepectj  iaoderto 
neecuie  otpsf  ftonyiflfifCTiffpa> 

But  thu  is  not  the  whole  effwt  of  the  t?iTntig*V"  tf  ik 
intecooetal  muecdeB :  once  the  compound  ifctiBeeftktw 
sets  of  muscles,  which  oross  eadi  other  fiom  rib  to  AEk 
the  letter  X,  is  nearly  at  right  ang^  to  the  lib^  but  v 
oblique  to  its  plane,  it  tends  to  push  the  liba  dosor  to  dieir 
articuktions,  and  thus  to  press  out  thetwopiDaisoowinck 
they  are  articulated.  Thus,.suppostiig  a/^(Kg.  77.)tole- 
pl'esent  the  section  of  one  of  the  vertebras  of  tbeipiBe,aid 
c d  a  section  of  the  sternum,  and  a&c,yVd^  twooppoale 
ribs,  with  a  lax  thread  ft f  connecting  tbem.    Iftksdmii 
he  pulled  upwards  by  the  middle  jr  till  it  k  tight,  it  tril 
tend  to  pull  the  points  b  and  e  nearer  to  eegh  other,  mi 
to  press  the  vertebra  af  and  the  sternum  c  d  oiitwaidi 
The  qsine  bang  the  chirf  pillar  of  the  body,  may  beocs- 
mdered  as  immoveabk  in  the.  present  inatanoe.    The  stff- 
num  k  sufficiently  susceptihk  of  motion  for  the  pRKnt 
purpose.    It  remains  almost  fixed  atop  nt  its  articahtiaB 
with  the  first  rib,  but  it  graduaUy  yklds  bebw ;  sad  dm 
the  cqpadty  of  the  thorax  k  enlarged  in  thk  direcdon  tk^ 
The  whole  enkigement  of  the  diameters  of  the  thorax  dsr* 
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iog  iospiratioa  is  very  ^small,  not  axceeding  the  fiftietli 
partofaniodi  in  ordinary  cases.  This  is  easUy  calcu* 
latedL  Its  quiescent  capacity  is  about  two  cubic  feet,  and 
we  never  draw  in  more  than  16  indies.  Two  spheres,  mie 
qf  which  holds  2  cubic  fieet  and  the  other  ft  feet  and  15 
inches,  will  not  differ  in  diameter  above  the  fiftieth  part  of 
ata  inch. 

The  other  method  of  enlarging  the  capadty  of  the 
thorax  is  very  different  It  b  separated  from  the  abdomen 
by  a  strong  muscular  partition  -called  the  diaphragm^ 
which  is  attached  to  firm  parts  all  around.  In  its  quiescent 
or  relaxed  state  it  is  condderably  convex  upwards,  that  is, 
towards  the  thorax,  rising  up  into  its  cavity  like  the  bot- 
tom of  an  ordinary  quart  bottle,  only  not  so  rq^ular  in  its 
shape.  Many  of  its  fibres  tend  from  its  middle  to  the  cir- 
cumference, where  they  are  inserted  into  firm  parts  of  the 
body.  Now  suppose  these  fibres  to  contract  This  must 
draw  down  its  middle,  or  make  it  flatter  than  before,  and 
thus  enlarge  the  capacity  of  the  thorax. 

iPhynologists  are  not  well  agreed  as  to  the  share  which 
each  of  these  actions  has  in  the  operation  of  enlarging  the 
thorax.  Many  refuse  all  «hare  of  it  to  the  intercostal 
muscles,  and  say  that  it  is  performed  by  the  diaphragm 
alone.  But  the  fact  is,  that  the  ribs  are  really  observed  to 
rise  even  while  the  person  is  asleep ;  and  this  cannot  pos- 
sibly be  produced  by  the  diaphragm,  as  these  anatcnnists 
assert.  Such  an  opinion  shows  either  ignorance  or  ne^ect 
of  the  laws  of  pneumatics.  If  the  capacdty  of  the  thorax 
were  enlarged  only  by  drawing  down  the  diaphragm,  the 
pressure  of  the  air  would  compress  the  ribs,  and  make  them 
descend.  And  the  simple  laws  of  mechanics  make  it  as 
evident  as  any  proposition  in  geometry,  that  the  contrac- 
tion of  the  intercostal  muscles  must  produce  an  elevation 
of  the  ribs  and  enlargement  of  the  thorax ;  and  it  is  one  of 
the  most  beautiful  contrivances  of  nature.  It  depends 
much  on  the  will  of  the  animal  what  diare  each  of  these 
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actions  shall  have.  In  general,  the  greateft  pirt  is  doK 
by  the  diaphragm;  and  any  person  can  breathe  in  sudi  a 
manner  that  his  ribs  shall  remain  motionless ;  andt  oo  the 
contrary,  he  can  breathe  almost  entirely  by  rumg  his 
chest  In  the  first  method  of  breathing,  the  belfy  raes 
during  inspiration,  because  the  contraction  of  the  At- 
phragm  compresses  the  upper  part  of  the  bowelsi  and  tbeni- 
fore  squeezes  them  outwards  ;  so  that  an  ignonuU  persoD 
would  be  apt  to  think  that  the  breathing  was  peifonnedbf 
the  belly,  and  that  the  belly  is  inflated  with  the  air.  The 
strait  lacing  of  the  women  impedes  the  motioo  of  the  n'k, 
and  changes  the  natural  habit  of  breathing,  or  bnogs  oo 
an  unnatural  habit.  When  the  mind  is  deprened,  it  is  ob- 
served that  the  breathing  is  more  performed  by  the  muides 
of  the  thorax ;  and  a  deep  sigh  is  always  made  in  this 
way. 

These  observations  on  the  manner  in  which  the  capadtj 
of  the  chest  can  be  enlarged  were  necessary,  before  we  c$n 
acquire  a  just  notion  of  the  way  in  which  the  mechazucal 
properties  of  air  operate  in  applying  it  to  the  mass  of  blood 
during  its  passage  through  the   lungs.      Suppose  the  the 
rax  quite  empty,  and  communicating  with  the  external  air 
by  means  of  the  trachea  or  windpipe,    it  would  then  re- 
semble a  pair  of  bellows.     Raising  the  boards  coirespoods 
to  the  rising  of  the  ribs ;  and  we  might  imitate  the  action 
of  the  diaphragm  by  'forcibly  pulling  outwards  the  fokW 
leather  which  unites  them.     Thus  their  capacity  is  enlarg- 
ed, and  the  air  rushes  in  at  the  nozzle  by  its  weight  in  the 
same  manner  as  water  would  do.     The  thorax  differs  fruB 
bellows  only  in  this  rcsfiect,  that  it  is  filled  by  the  lungs, 
which  is  a  vast  collection  of  little  bladders,  like  the  lH)le$ 
in  a  piece  of  fermented  bread,  all  communicating  with  the 
trachea,  and  many  of  them  with  each  other.     When  the 
chest  is  enlarged,  the  sir  rushes  into  them  all  in  the  same 
manner  as  into  the  single  cavity  of  an  empty  thorax.    It 
cannot  be  said  with  propriety  that  they  are  inflatcil :  sSi 
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that  18  done  is  the  aUowing  the  ur  to  oome  in.     At  the 
same  time,  as  their  membranous  covering  must  have  some 
diickness,  however  smaU,  and  some  elasticity,  it  is  not  un- 
likely that,  when  compressed  by  expiration,  they  tend  a 
little  to  recover  thm  former  shape,  and  thus  aid  the  volun- 
tary action  of  the  muscles.    It  is  in  this  manner  that  a 
small  bladder  of  caoutchouc  swells  again  after  compres- 
sion, and  fills  itself  with  air  or  water.   But  this  cannot  hap- 
pen except  in  the  most  minute  vesicles :  those  of  sennble 
bulk  have  not*  elastidty  enough  for  this  purpose.     The 
lungs  of  birds,  however,  have  some  very  large  bladders, 
wtnch  have  a  very  considerable  elastidty,  and  recover  their 
shape  and  size  with  great  force  after  compression,  and  thus 
fill  themselves  with  sir.     The  respiradon  of  these  animals 
is  considerably  different  from  that  of  land  animals,  and 
their  musdes  act  chiefly  in  expiration.     This  will  be  ex- 
plained by  and  by  as  a  curious  variety  in  the  pneumatic 
instrument. 

This  account  of  the  manner  in  wUch  the  lungs  are  fiU- 
ed  with  air  do^  not  seem  agreeable  to  the  notions  we  en- 
tertmn  of  it  We  seem  to  suck  in  the  air;  but  although 
it  be  true  that  we  act,  and  exert  force,  in  order  to  get  lur 
into  our  lungs,  it  is  not  by  our  action,  but  by  external 
pressure,  that  it  does  come  in.  If  we  apply  our  mouth  to 
the  top  of  a  bottle  filled  with  water,  we  find  that  no  draught, 
as  we  call  it,  of  our  chest  will  suck  in  any  of  the  water; 
but  if  we  suck  in  the  very  same  manner  at  the  end  of  a 
pipe  immersed  in  water,  it  follows  immecQately.  Our  inter- 
est in  the  thing  makes  us  connect  in  imagination  our  own 
action  with  the  effect,  without  thinking  on  the  many  steps 
which  may  intervene  in  the  train  of  natural  operations; 
and  we  consider  the  action  as  the  immecUate  cause  of  the 
air^s  reception  into  the  lungs.  It  is  as  if  we  opened  the  door, 
and  took  in  by  the  hand  a  person  who  was  really  pushed 
in  by  the  crowd  without  If  an  indsion  be  made  into  the 
side  of  the  thorax,  so  that  the  air  can  get  in  by  that  way, 
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be  nwd*  uita  Uk  lungs  yi||wut,  tmBpigiWljlf 
than*,  tlw  ofuiml  wiU  brefUhe  0^0(1^  ^V  Ml 
tbfl  windpipe  be  itoppe^.  Tiufiif  f^ftemMjH 
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•oqw  iWMtB  part  9f  a  Tf^  the  aijr  apB|M|pA 
into  tbe  rest  of  the  lungi  through  sueb  iiijiiimwp 
fHuctod  too  by  blood,  ka. 

•WabsveppF  anplwoad, oo,pnrnnwtiiW pwq| 
yntWHoFin^iimljao.  Tbea^nrntiinisdiic^pi 
by  the  nstund  tone  of  the  parts.  In  the  act  oTiM 
tbtt  ribs  were  railed  sod  draws  oiftwards  inoffU 
tbe  dffMia^  of  tbe  Bplida  tbenuelyes  ;  for  nldu 
ahs  qra  articulated  at  tb^  extremitJea,  tbe  ^lA 
an  by  °P  mnns  aucb  as  to  g^ve  a  iree  aoid  nij 
like  tbe  j<Mats  of  the  lipibs.  This  is  particularly 
is  the  articulations  with  tbe  sternum,  vrhicb  ai 
tneanB  fitted  for  modon.  It  woiild  seeoi  that  tiu 
really  produced  here  is  chiefly  by  tbe  yielding  of 
tilo^nous  parts  and  the  bending  of  the  rib ;  wbe 
$ate  tbe  muscles  which  produced  this  efioct  are  ali 
relax,  the  nbs  again  coUapee.  Perhaps  ibis  is  as 
little  by  tbe  action  of  the  long  muscles  which  coK 
across  the  liba  without  beii^  inserted  into  tbeva. 
may  draw  them  together  a  Uttle,  as  we  fXHOpreis 
bundle  by  a  string. 

In  like  manner,  when  the  diajJuagm  was  drawn 
it  compressed  tbe  abdomen  in  o[^x»ition  to  the  elasti 
all  tbe  viscera  contained  in  i^  aiid  to  the  elastict 
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tone  of  the  tegmnoits  and  ifiusdes  which  surround  it 
When  therefore  the  diaphragm  is  relaxed,  these  parts  push 
it  up  again  into  its  natural  situation,  and  in  doing  this  ex- 
pel the  air  from  the  lungs. 

If  this  be  a  just  aoeount  of  the  matter,  expiradon  should 
be  perfcomed  without  any  eflfort.  This  aocordingiy  is  the 
case.  We  fed  that,  after  having  made  an  ordinary  easy 
inspiration,  it  requires  the  continuance  of  the  effort  to  keep 
the  thorax  in  this  ehlarged  state,  and  that  all  that  is  neces- 
sary  for  expiration  is  to  cease  to  act  No  person  feels  any 
difficulty  in  emptying  the  lungs ;  but  weak  people  often 
feel  a  difficulty  of  inspiration,  and  compare  it  to  the  feeling 
of  a  wdght  od  th«r  breast ;  and  exjnration  is  the  last  mo- 
tion of  thd  thorax  in  a  dying  person: 

But  nature  has  also  giTcn  us  a  medianism  by  which  we 
cAtk  expire,  namely,  the  abdominal  nluscles ;  and  when  we 
hare  finished  an  ordinary  and  easy  expiration^  we  can  still 
expel  a  considerable  bulk  of  ear  (nearly  half  of  the  contents 
of  the  lungs)  by  contracting  the  abdominal  miisdes.  These, 
by  compressing  the  body,  force  up  its  moveable  contents 
agttnst  the  diaphragm,  and  cause  it  to  rise  further  into  the 
thorax,  acting  in  the  same  manner  as  when  we  expel  tiie 
titceBper  anum.  When  a  person  breathes  out  as  much 
air  as  he  can  in  this  manner,  he  may  observe  that  his  ribs 
do  not  collapse  during  the  whole  operation. 

There  seems  then  to  be  a  certain  natural  unconstrained 
state  of  the  vehicles  of  the  lungs,  and  a  certain  quantity  of 
air  necessary  for  keeping  them  of  this  size.  It  is  probable 
that  this  state  of  the  lungs  g^vcs  the  freest  motion  to  the 
blood.  Were  they  more  compressed,  the  blood-vessels 
would  be  compressed  by  the  adjoining  veidcles ;  were  they 
more  lax,  the  vessels  would  be  more  crooked,  and  by  this 
means  obstructed.  The  frequent  inspirations  gradually 
change  this  air  by  mixing  fresh  air  with  it,  and  at  every 
expiration  carrying  off  some  of  it.  In  catarrhs  and  in- 
flammations, especially  when  attended  with  suppuration, 
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nd  Umt  tb»  wmtmi^vm  m  ihag  «ilUl»|ivnMiIlii 
piidfuLifldii«  .which  thb  niiiiMiwi  umiii  »tea|dlb 
mr  with  Tioknoei  ahittting  the  iriadpipv  tiIL*e  hmm 
cftfidtttoi^j  with  the  nbilinmwel  »wuiwih%^Md  MJii 
ttioag  coMipwiBon  on  the  kwfer  peiteCtfae  tfa—U;.  Wi 
thta  optfi  the  peiMge  miMrm^j^  endqyjl  Aftgradib' 
itniGtiiig  DMitCw  fay  wlflDt  ooug^iip^<.>i^ 
I  WehaTO«ttd,thBt.faiidsexliifaba.cinQi^ 

pwotii  of  bnatUiq;.   The  musclee  qfAfm^wafbmg 
•o  iwy;  gmrt»  nquml  a  Teiy  eKt^QVfBi  ipeo^ 
ie  one  me  <f  the  greet  hreegubqna    Jbntimtimtd'tm, 
.  to  fi«mefiim.peKtit^  lohnd^ 
from  conqMcani^  the  th(«ax  in  tho .  act;  1^ 
the  ftrm  of  their  dieit  doee  not  iedeut  fafedleniefte  cri^ 
I  ttnt  end  oootcactiaa  to  that  dqpie  ae  in  Jeaieweik 

I  Ifovigrarp  the  muiGleB  of  their  dtidowieffi  ere  ete  ivf 

■neil;  enditwouU  seem  that  they  aiw  not  auficaetfir 
pxxluciiig  the  oompresoon  cm  the  bowels  which  iin«»- 
wy  ibr  cerryiog  on  the  piooess  of  oonooctioii  and  digeiboi* 
Instead  of  eiding  the  lungs,  they  reoeiTe  help  from  than. 
In  en  ostrich,  the  lungs  conauit  of  a  fleshy  pert  i,  A 
(Ilg.  78.)»  composed  ct  vesicles  lite  those  .of  land  aainih^ 
and,  like  theirs,  serving  to  expose  the  bfeod  to  the  sdiQi 
of  the  sir.  Besides  these,  they  have  on  each  sidefoui 
huge  begs  B,  C,  D^  E,  each  (rf*  which  has  an  orifice  ( 
communicating  with  the  trachea;  but  the  sepood,  C,  be 
also  an  orifice  H,  by  which  it  communicates  with  soothe 
beg  F  atUAted  below  the  rest  in  the  abdomen.  Nov,whei 
the  Inngs  are  compressed  by  the  acUon  of  the  diephragn 
the  air  in  C  is  partly  expelled  by  the  trachea  through  th 
orifice  G,  and  partly  driven  through  the  orifice  H^to  tk 
beg  Ff  which  is  then  allowed  to  receive  it ;  because  d 
nme  action  which  compresses  the  lungs  enlai|ges  the  abdi 
men.  When  the  thorax  is  enlargeci(,  the  bag  C  is  parti 
ipplied  with  fresh  air  through  the  trachea^  and.psrtl 
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from  the  bag  F.  As  the  lungs  of  other  animals  resemble 
a  ocHnmon  beUows,  the  lungs  of  Inrds  resemble  the  smithes 
bellows  with  a  parUtion ;  and  anatomists  have  discovered 
passages  from  this  part  of  the  lungs  into  their  hollow  bones 
and  quills.  We  do  not  know  all  the  uses  of  this  contriv- 
ance; and  only  can  observe,  that  this  alternate  action  must 
assist  the  muscles  of  the  abdomen  in  promoting  the  motion 
of  the  food  along  the  alimentary  canal,  &c.  We  can  dis- 
tinctly observe  in  birds  that  their  belly  dilates  when  the 
chest  collapses,  and  vice  versOj  contrary  to  what  we  see  in 
the  land  animals.  Another  use  of  this  double  passage 
may  be  to  produce  a  circulation  of  air  in  the  lungs,  by 
which  a  compensation  is  made  for  the  smaller  surface  of 
action  on  the  blood :  for  the  number  of  small  vesicles,  of 
equal  capacity  with  these  large  bags,  gives  a  much  more 
extensive  surface. 

If  we  try  to  raise  mercury  in  a  pipe  by  the  action  of  the 
chest  alone,  we  cannot  raise  it  above  two  or  three  inches ; 
and  the  attempt  is  both  punful  and  hazardous.  It  is  pain- 
ful  chiefly  in  the  breast,  and  it  provokes  coughing.  Pro- 
bably the  fluids  ooze  through  the  pores  of  the  veudes  by 
the  pressure  of  the  surrounding  parts. 

On  the  other  hand,  we  can  by  expiration  support  mer- 
cury about  five  or  six  inches  high :  but  this  also  is  very 
painful,  and  apt  to  produce  extravasation  of  blood.  This 
seems  to  be  done  entirely  by  the  abdominal  muscles. 

The  operation  properly  termed  sucking  is  totally  differ- 
ent from  breathing,  and  resembles  exceedingly  the  action 
of  a  common  pump.  Suppose  a  pipe  held  in  the  mouth, 
and  its  lower  end  immersed  in  water.  We  fill  the  mouth 
with  the  tongue,  Imnging  it  forward,  and  applying  it  close- 
ly to  the  teeth  and  to  the  palate ;  wc  then  draw  it  back,  or 
bend  it  downwards  (behind)  from  the  palate,  thus  leaving 
a  void.  The  pressure  of  the  air  on  the  cheeks  immediate- 
ly depresses  them,  and  applies  them  close  to  the  gums  and 
teclli ;  and  its  pressure  on  the  water  in  the  vessel  causes  it 
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to  rite  ilirtiih|^uie^p^ift  mtft'tM  Mtpty  pntiilA^flMh) 
wliMi  it  qinciuy  fflu.  iTelnCM  pnwti  niM'ttSfltol^tf  fkf 
toDgde^  bdofw  thd  wAtefy  tirtlie  teedi,  «^ 
ill  loufld)  die  watdr  bdh^'sM^  ttm  tot^^ttc^  lAidkMepI 
mucn  a^ptcMboL  W6  tntti  itf^pkf  Afr  ftim^|ilf  tDVKfdil^ 
b^nftiiig  at  die  ti|fy  ttd  |(MdiHAy  |j0ili|^  biilEMitflii  ik 

SppUCSDOu.      Ifj  uuB    aHMiMB  wB&^WKBt  18  |jnMnMff^1Bnn 

btdnrard  by  an  opencdoti  rfmBlDr  to  tfaal  dfte  gohta 
fwtdfeinng.  lliu  far  dcme  1^  ttiliMMiiig  die  gcdrt  lA^ 
and  rdaxing' it  bdoir,  jaM  as  Kne ivMiid  MipyMgatdh 
oMtentB  by  drawing  our  eloaed  bdkd  dnog  k.  Bf  fte 
operation  the  moadi  is  agahi  4xmfAMlj  oftnpUbjr  fbe 
tongue^  and  we  ar^  rMdy  Sv  t&ptBAig  the  meiitwi. 
Thus  die  month  and  tongue  Mfletnbfe  the  band  indpikoi 
ofapump;  and  theappHcMkBof  the  tipoftktosgKto 
the  teeth  performs  the  offioeof  the  valve  at  the  boCMrf 
diebarrd,  prerentmg  the  iwtuni  of  the  water  inlotfepipe. 

Akhough  usual,  it  is  not  absdutely  neoesniy  to  with- 
draw the  tip  of  the  tongue,  'inalcing  a  void  More  the 
tongue.  Sucking  may  be  performed  by  merely  sepustiDg 
the  tongue  gradually  from  the  palate,  b^inningst  tk  root 
If  we  withdraw  the  tip  of  the  tongne  a  very  nm»te  qoffi- 
tity,  the  water  gets  in  and  flows  back  above  the  tongoe. 

The  action  of  the  tongue  in  this  operation  is  fierjpover- 
fnl ;  some  persons  can  raise  mercury  20  indief :  but  tliii 
strong  exertion  is  very  fatiguing,  and  the  softpsitsoe 
prodi^oudy  swelled  by  it     It  causes  the  blood  to  ook 
plentifully  through  the  pores  of  the  toogue,  ftuces,  td 
palate,  in  the  same  manner  as  if  a  cupping^glass  sad  sr- 
linge  were  applied  to  them ;  and,  when  theinndeoftk 
mouth  is  exooriated  or  tender,  as  is  frequent  with  infiutSi 
eyen  a  very  moderate  exertion  of  this  kind  is  accoBxpeoei 
with  extravasation  of  blood.     When  (juldren  suck  the 
nurse^s  breast,  the  milk  follows  their  exertifin  by  the  pres- 
sure of  the  air  on  the  breast;  and  a  weak  dild,oroae 
that  withholds  its  exertions  on  account  of  pun  fron  the 


pmBoitATics.  761 

ab(yve4iientioiied  ouise,  nuty  be  BMsitMd  bj  a  gefttki  pres- 
sure of  the  hand  on  the  breast :  the  infant  pupil  of  nalure, 
without  any  knowledge  of  pneumatics,  firequ^itly  helps  it- 
self by  pressbg  its  £m»  to  the  yielding  breast. 

In  the  whole  of  this  operation  the  breathing  is  perform- 
ed through  the  nostrils ;  and  it  is  a  prodigbus  distress  to 
an  infant  when  this  passage  is  obstmoted  by  mucua*  We 
beg  to  be  forgiven  for  observing  by  the  way,  that  this  ob- 
struction may  be  ahnost  certainly  removed  for  alittle  while, 
by  rubbing  the  diild'*s  nose  with  any  liquid  of  quick  eva- 
poration, or  even  with  water. 

The  operation  in  drinking  is  not  very  different  from  that 
in  sucking :  we  have  indeed  little  occsmon  here  to  suck» 
but  we  must  do  it  a  little.  Dogs  and  some  other  anitnak 
cannot  drink,  but  only  lap  the  water  into  their  mouths  with 
their  tongue,  and  then  swallow  it  The  gallinaceous  birds 
seem  to  drink  very  imperfectly ;  they  seem  merely  to  dip 
their  head  into  the  water  up  to  the  eyes  till  thdr  mouth  is 
filled  with  water,  and  then  holding  up  the  head,  it  gets  in«- 
to  the  gullet  by  its  wdght,  and  b  then  swallowed.  The 
elephant  drinks  in  a  very  complicated  manner;  he  dips  his 
trunk  into  the  water,  and  fills  it  by  making  a  vM  in  his 
mouth  :  this  he  does  in  the  contrary  way  to  man.  After 
having  depressed  his  tongue,  he  begins  the  applicatbn  rf 
it  to  the  palate  at  the  root,  and  by  extending  the  applica- 
tion forward,  he  expels  the  air  by  the  mouth  which  came 
into  it  from  the  trunk.  The  process  here  is  not  very  un- 
like that  of  the  cmidensing  syringe  without  a  jnston  valve, 
formerly  described,  in  which  the  external  air  (correspond- 
ing here  to  the  air  in  the  trunk)  enters  by  the  hole  F  in  the 
nde,  and  is  expelled  through  the  hole  in  the  end  of  the  bar- 
rel ;  by  thisoperation  the  trunk  is  filled  with  water:  then  he 
lifts  his  trunk  out  of  the  water,  and  bringing  it  to  his  mouth, 
pours  the  contents  into  it,  and  swallows  it  On  conudering 
this  operation,  it  appears  that,  by  the  same  process  by 
which  the  air  of  the  trunk  is  taken  into  the  mouth,  the  wa- 


ter  coiild  also  be  tak«n  in,  to  be  aftcrwu^  swallcnved :  ( 
we  do  not  find,  upon  intjuiry,  that  Ihis  is  done  by  ibe  eJe- 
phanL;  we  have  always  observed  him  to  drink  in  the  man- 
ner now  described.  In  either  way  it  is  a  double  operatioa, 
and  cannot  be  carried  on  any  way  but  by  alternately  suck- 
ing and  swallowing,  and  while  one  operation  is  goiiag  oB 
the  other  is  interrupted ;  whereas  man  can  do  both  at  the 
same  time. 

There  is  an  operation  similar  to  that  of  the  elephant, 
which  many  find  a  great  ditticulty  in  acquiring,  viz.  kee^ 
ing  up  a  conlinued  blast  with  a  blow-pipe.  We  would  de- 
are  our  chemical  reader  to  attend  minutely  to  the  gradual 
action  of  his  tongue  in  sucking,  and  he  will  find  it  such  aft 
we  have  de^ribcd.  Let  him  attend  particularly  to  the 
way  in  which  the  tip  of  the  tongue  performs  the  office  of  s 
valve,  preventing  the  return  of  the  water  into  the  [Hpe ; 
the  same  position  of  the  tongue  would  hinder  air  from 
coming  into  the  mouth.  Next  let  him  observe,  that  iu 
Ewallowing  what  water  he  has  now  got  lodged  above  hia 
tongue,  he  continues  the  lip  of  the  tongue  applied  tu 
the  teeth ;  now  let  him  shut  his  mouth,  keeping  his  lips 
Jinn  togetiter,  the  tip  of  the  tongue  at  the  teeth,  and  the 
whole  tongue  fordUy  kept  at  a  distance  from  the  palate ; 
bring  up  the  tongue  to  the  palate,  and  allow  the  tip  to  se- 
parate a  little  frcHU  the  teeth ;  this  will  expel  the  air  into 
the  space  between  the  fauces  and  cheeks,  and  will  blow 
up  the  dieeks  a  little :  then,  acting  with  the  tip  of  the 
tongue  as  a  valve,  hinder  this  air  from  getting  back,  and 
depresung  the  tongue  again,  more  air  (from  the  noetrils) 
will  get  into  the  mouth,  which  may  be'expelled  into  the 
sptux  without  the  teeth  as  before,  and  the  cheeks  will  be 
more  inflated :  continue  this  operation,  and  the  lips  will  no 
longer  be  able  to  retain  it,  and  it  will  ooze  through  as  long 
as  the  (^ration  is  continued.  When  this  has  become  fa- 
miliar and  easy,  take  the  bbw-pipc,  and  there  will  be  no 
difficulty  in  maintaining  a  blast  us  ujiifurm  as  a  smith's  bcl- 
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■iflowiy  braithiiig  all.  the  while  through  the  nottrils.  The 
;  s^only  diiBcuIty  is  .the  lidding  the  pipe:  this  fatigues  the 
^  flips ;  but  it  may  be  removed  by  giving  the  pipe  a  couve- 
.^^nient  shape,  a  pretty  flat  oval,  and  wrapping  it  round  with 
■^  leather  or  thread. 

^^     Another  phenomenon  depending  on  the  principles  al- 
^^  ready  established,  is  the  land  and  sea-breeze  in  the  warm 
countries. 

We  have  seen  that  air  expands  exceedingly  by  heat; 
therefore  heated  air,  h&ng  lighter  than  an  equal,  bulk  of 
cold  air,  must  rise  in  it.  If  we  lay  a  hot  stone  in  the  sun- 
shine in  a  room,  we  shall  observe  the  shadow  of  the  stone 
surrounded  with  a  fluttering  shadow  of  difierent  degrees  of 
brigjbtncss,  and  that  this  flutter  rises  rapidly  in  a  column 
above  the  stone.  If  we  hold  an  extinguished  candle  near 
the  stone,  we  shall  see  the  smoke  move  towards  the  stone, 
and  then  ascend  up  from  it  Now,  suppose  an  island  re- 
odving  the  first  rays  of  the  sun  in  a  perfectly  calm  morn- 
ing; the  ground  will  soon  be  warmed,  and  will  warm  the. 
contiguous  air.  If  the  island  be  mountidnous,  this  efiect 
will  be  more  remarkable ;  because  the  inclined  sides  of  the 
hills  will  receive  the  light  more  directly :  the  midland  air 
will  therefore  be  most  warmed :  the  heated  air  will  rise, 
and  that  in  the  middle  will  rise  fastest :  and  thus  a  current 
of  ahr  upwards  will  begin,  which  must  be  supplied  by  air 
coming  in  from  all  sides,  to  be  heated  and  to  rise  in  its 
turn;  and  thus  the  morning  sea-breeze  is  produced,  and 
continues  all  day.  This  current  will  frequently  be  reversed 
during  the  night,  by  the  air  cooling  and  gliding  down  the 
ndes  of  the  hills,  and  we  shall  have  the  lancUfreeze. 

It  is  owing  to  the  same  cause  that  we  have  a  circulation 
ofmrin  mines  which  have  the  mouths  of  their  shafts  of 
unequal  hdghts.  The  temperature  underground  is  pretty 
constant  through  the  whole  year,  while  that  of  the  atmo- 
sphere is  extremely  variable.  Now,  suppose  a  mine  having 
a  long  horizontal  drift,  conmiunicating  between  two  piti» 
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or  shafts,  and  thai  one  of  tlicse  Bhafta  tertniiiatea  in  a  valky, 
wliile  the  other  opens  on  the  brow  of  a  hill  perhaps  lOU 
feet  higher.  Let  us  further  suppose  it  summer,  and  lit 
air  heated  to  65^,  while  the  temperature  of  the  eartli  is  bill 
45°  J  this  last  will  he  also  the  temperature  of  the  air  in  tlM 
ahatls  and  the  drift.  Notr,  since  air  expands  nearly  S4 
parts  in  10,000  by  one  degree  of  heat,  we  shall  hare  an 
odds  of  pressure  at  the  bottom  of  the  two  shafts  equal  lo 
nearly  the  20th  part  of  the  weight  of  a  column  of  air  100 
feet  high  (100  feet  being  supposed  the  difference  of  the 
heights  of  tlie  shafts).  This  will  be  about  st\  ounces  on 
every  square  fool  of  the  section  of  the  shaft.  If  this  pres- 
sure could  be  continued,  it  would  produce  a  prodigiuiu 
current  of  air  down  the  long  shaft,  along  the  drift,  and  up 
the  short  shaft.  The  weight  of  the  lur  acting  through  100 
feet  woulii  communicate  to  it  the  velocity  of  80  feet  per 
second :  divide  this  by  v'20,  that  is,  by  4,6,  and  we  shall 
have  18  feet  per  second  for  the  velocity :  this  is  the  velo- 
city of  what  is  called  a  brisk  gale.  This  pressure  tpmitd  be 
continued,  if  the  warm  air  which  enters  the  long  shaft  were 
cooled  and  condensed  as  fast  as  it  comes  in ;  but  this  is 
not  the  case.  It  is  however  cocked  and  condensed,  and  s 
current  is  produced  suffident  to  make  an  abimdant  circti> 
htioR  of  tur  along  the  whole  passage ;  alld  cdre  is  taken  to 
dispose  the  alttfls  and  conduct  the  pflssdges  in  sii^  a  tins' 
ner  that  no  part  of  the  mitle  Is  out  of  the  drcle.  When 
any  new  lateral  drift  is  made,  the  renewal  of  Juf  ttt  ib  ei'' 
tremity  becomes  m«re  imperfect  as  it  advances ;  dnd  irbed 
it  is  carried  a  tert^  length,  the  air  stagnates  and  beeolateS 
sufibcatiDg,  tiQ  taHitx  k  communication  can  be  made  with 
the  rest  of  the  Oiitie,  or  a  shaft  be  m'ade  at  the  end  of  this 
drift. 

As  this  current  depends  entirely  on  the  difference  rf 
temperature  between  the  air  below  and  that  above,  it  mnst 
cease  when  this  difference  ceases.  Accordingly,  m  the 
spring  and  autumn,  the  miners  complain  much  of  stagna- 
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^  tiQQ ;  but  in  summer  they  dever  want  a  eurrent  fiom  the 

f  d^p  pits  to  the  abaUow,  nor  in  the  winter  a  current  fix>m 

^,  the  shallow  pits  tq  the  deep  ones,     It  firequentlj  bi^pcns 

pjio,  that  in  mineral  (»untries  the  chemical  changes  which 

t^e  going  on  in  different  parts  of  the  earth  make  differ- 

fDC^  of  temperature  sufficient  tq  produce  a  sensible  current. 

It  is  easy  to  see  that  the  same  causes  must  produce  a 

^rrent  down  our  phimneys  in  summer.     The  chimney  is 

colder  than  the  summer  air,  and  must  therefore  condense 

it>  and  it  will  come  down  and  run  out  at  the  doors  ami 

vipdaws. 

And  this  naturally  leads  us  to  consider  a  very  important 
90ect  of  the  expansion  and  consequent  ascent  of  air  by  heat, 
namely,  the  drawing  (as  it  is  called)  of  chimneys.  The 
air  which  has  contributed  to  the  burning  of  fuel  must  be 
intensely  heated,  and  will  rise  in  the  atmosphere.  This 
frill  also  be  the  case  with  much  of  the  surrounding  fur  which 
has  come  very  near  the  fire,  although  not  in  contact  with 
|t.  If  this  heated  air  be  made  to  rise  in  a  pipe,  it  will  be 
kept  together,  and  therefore  will  not  soon  cool  and  cdUapse : 
thus  we  shall  obtain  a  long  column  of  light  air,  which  will 
xise  with  a  force  so  much  the  greater  as  the  column  is  kmger 
or  more  heated.  Therefore  the  taller  we  make  the  chim- 
ney, or  the  hotter  we  make  the  fire,  the  more  rapid  will  be 
the  current,  pr  the  draught  or  suction,  as  it  is  injudicious- 
ly called,  ¥rill  be  so  much  the  greater.  The  ascensional 
ibroe  is  the  difference^  between  the  weight  of  the  column  of 
heated  air  in  the  funnel  and  a  column  of  the  surrounding 
atmosphere  of  equal  height.  We  increase  the  draught, 
therefore,  by  increasing  the  perpendicular  height  of  the 
chimney.  Its  length  in  a  horizontal  direction  gives  no  in- 
crease, but,  on  the  contrary,  diminishes  the  draught,  by 
cooling  the  air  before  it  gets  into  the  effective  part  of  the 
funnel.  We  increase  the  draught  also  by  obliging  all  the 
air  which  enters  the  chimney  to  come  very  near  the  fuel ; 
therefore  a  low  mantle-piccc  will  produce  this  effect ;  also 
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filling  up  all  tlw  spaces  on  each  side  of  the  grate.  Wli«i 
much  air  gets  in  above  the  fire,  by  having  a  lofty  niantle- 
piocc,  the  general  mass  of  air  in  the  chimney  cannot  be 
much  heated.  Hence  it  must  happen  that  the  greatest 
draught  will  be  produced  by  bringing  down  the  manlle- 
picce  to  the  very  fuel ;  but  this  converts  a  (ire-place  into 
a  furnace,  and  by  thus  sending  the  whole  air  through  the 
fuel,  causes  it  to  bum  with  great  rapidity,  producing  a 
prodigious  heat ;  and  this  producing  an  increase  of  ascen- 
ttionjtl  force,  the  current  becomes  furiously  rapid,  and  the 
beat  and  consiimptioo  of  fuel  immense.  If  the  lire-plsce 
be  n  cube  of  a  foot  and  a  half,  and  the  tront  closed  by  a 
door,  so  that  all  the  air  must  enter  through  the  bottom  of 
the  grate,  a  chimney  of  15  or  20  feel  high,  and  sufficiently 
wide  to  give  passage  to  all  the  expanded  air  which  can  pa*B 
through  the  fire,  will  produce  a  curreiH  which  will  roar  like 
thunder,  and  a  beat  sufficient  to  run  the  whole  inside  into 
a  lump  of  glass. 

All  that  is  necessary,  however,  in  a  chamber  fire-place, 
is  a  current  sufficiently  great  for  carrying  up  the  smoke 
and  vitiated  air  of  the  fuel.  And  as  we  want  also  the  en- 
livening flutter  and  light'of  the  fire,  we  ffve  the  diimnejr- 
piece  both  a  much  greater  hei^t  and  width  than  what  Is 
merely  necessary  for  carrying  up  tHe  smoke,  only  wishing 
to  have  the  current  sufficiently  determinate  and  st^dy  for 
counteracting  any  occasional  tendency  which  it  may  some- 
times  have  to  come  into  the  room.  By  allowing  a  greater 
quantity  of  air  to  get  into  the  chimney,  heated  only  to  a 
moderate  d^;tee,  we  produce  a  more  rapid  renewal  of  the 
air  of  the  room  :  did  we  oblige  it  to  come  so  much  nearer 
the  fire  as  to  produce  tli*  same  renewal  of  the  ^r  in  conse- 
quence of  a  more  rapid  current,  we  should  produce  an  in- 
convmient  heat,  ^ut  in  this  country,  where  pit-coal  is  in 
general  so  very  cheap,  we  carry  this  indulgence  to  an  ex- 
treme ;  or  rather,  we  have  not  studied  bow  to  get  all  the 
deared  advantages  with  economy.     A  much  smaller  re- 
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newal  of  air  than  we  ooramonly  produce  is  abundantly 
wholeflome  and  pleasant,  and  we  may  have  all  the  pleasure 
of  the  light  and  flame  of  the  fuel  at  much  less  expense,  by 
oontracting  greatly  the  passage  into  the  vent.  The  best 
way  of  doing  this  is  by  contracting  the  brick- work  on  each 
aide  behind  the  mantle-piece,  and  reducing  it  to  a  narrow 
parallelogram,  having  the  back  of  the  vent  for  one  of  its 
long  sides.  Make  an  iron  plate  to  fit  this  hole,  of  the  same 
length,  but  broader,  so  that  it  may  lie  slofnng,  its  lower 
edge  being  in  contact  with  the  foreside  of  the  hole,  and  its 
upper  edge  leaning  on  the  back  of  the  vent  In  this  por- 
tion it  shuts  the  hole  entirely.  Now  let  the  plate  have  a 
hinge  along  the  front  or  lower  edge,  and  fold  up  like  tlie 
lid  of  a  chest.  We  shall  thus  be  able  to  enlarge  the  pas- 
sage at  pleasure.  In  a  fire-place  fit  for  a  room  of  S4  feet 
by  18,  if  this  plate  may  be  about  18  inches  long  from  side 
to  nde,  and  folded  back  within  an  inch  or  an  inch  and  a 
half  of  the  wall,  this  will  allow  passage  for  as  much  air  as 
will  keep  up  a  very  cheerful  fire ;  and  by  raising  or  lower- 
ing  this  REGisTSB,  the  fire  may  be  made  to  bum  more  or 
less  rapidly.  A  free  passage  of  half  an  inch  will  be  suffi- 
cient in  weather  that  is  not  immoderately  cold.  The  prin- 
ciple on  which  this  construction  produces  its  effect  is,  that 
the  air  which  b  in  the  front  of  the  fire,  and  much  warmed 
by  it,  is  not  allowed  to  get  into  the  chimney,  where 
it  would  be  immediately  hurried  up  the  vent,  but  irises 
up  to  the  ceiling,  and  is  difinsed  over  the  whole  room. 
This  double  motion  of  the  air  may  be  distinctly  observed 
by  opening  a  Uitle  of  the  door  and  holding  a  candle  in  the 
way.  If  the  candle  be  held  near  the  floor,  the  flame  will 
be  blown  into  the  room ;  but  if  held  near  the  top  of  the 
door,  the  flame  will  be  blown  outward. 

But  the  most  perfect  method  of  wanning  an  apartment  in 
these  temperate  climates,  where  we  can  indulge  in  the 
cheerfulness  and  sweet  air  produced  by  an  open  fire,  is 
what  we  call  a  stove-grate,  and  our  neighbours  on  the  con* 
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m^  efen  laig^  tlian  €^pdi||«|^ 

upiDtbeMmea^leofoniHpmly  W.i}Cft|iaplifqto 
tlm  if  suiBaent  &r  holi^i^;  dl^^ 

of  i(  aie  made  of  iiw  (put  i«qa.j||  jps^jEi^wUl  «EiLlPHIii4 

mo, bwuife it doeiiiiat  w  .inm^.  ndfu^ ibAir|m|I 

a(li9iiuiUditfaooefiK)mtIio  1^^  ^mk  ^g  fkm 

dmneyrpieoea  and  are  ocHitWi|e4<lo«n.tcitkeW4^« 
that  the  ash-pit  is  also  separated.    The  pipe  ^  cUb^^  ff 

the  alove  gimte  is  owned  up  befviiiA.  Jbp  ompMhoftk 
aMntle-piape tiU iliisea abov«  ih^  wiaeftejiifiprff^wwi 

ohiaiMy-piaoe^  ap^  ii^  fitted,  with  ^  xcjgbter  tr  4h(» 
plate  turnii^ loirad  a  traii^Qilie  aipia.     Tbpfaeittnjf 

this  ii^gkter  is  that  iihi^h  we  |iav«  jreoomniflmULftr  W» 

dimijr  fixe>plaoe,  ha^qg  ita  ani  or  joint  qlasr  atthefipli 

•p  that  when  it  is  open  or  turned  up^  the  bunC  sir  ari 

smoke  striking  it  obliquely,  are  directed  with  ootamtj  jiit0 

the  Tent,  without  any  risk  of  rererberatiiig  and conuqgwt 

into  the  room.    All  the  rest  of  the  vent  is  ahut  op  bj  iw 

plates  or  brick-work  out  of  sight. 

The  effect  of  thb  construction  is  very  obviDUSi  Tb? 
fuel,  being  iu  immediate  contact  with  the  back  and  adciof 
the  grate,  heat  them  to  a  great  d^pree,  and  tbqr  ^^  ^ 
air  contiguous  to  them.  This  heated  air  cannot  get  if 
the  vent,  because  the  passages  above  thepe  spaces aredal 
up*  It  therefore  comes  out  into  the  room  ;  aomeofitgjN^ 
into  the  real  fire-place  and  is  carried  up  the  vea;,  ui 
the  rest  rises  to  the  cdling,  and  ia  diffused  over  the  ipoa> 

It  is  surprising  to  a  person  who  does  not  roft«^<^  itvitk 
skill  how  powerfully  this  grate  wanna  a  room*  Le9&  ^ 
one-fourth  of  the  fuel  consumed  in  an  ordinaiy  firv-plpc' 
is  sufficient ;  and  this  with  the  same  cheerful  Uaaing  hetflk 
and  salutary  renewal  of  air.  It  ev&k  requires  attcatini  t» 
k^p  the  room  cool  enough.     The  heat  coomnuiuaM  ^ 
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those  ]part8  in  oootact  with  the  fuel  is  needlesriy  grdtt ; 
and  it  Will  be  a  oonnderaUe  improvement  to  line  tins  part 
with  Tcty  tfaiek  pliftes  of  east  iron,  or  widi  tiles  made  of 
iie-dajr,  whidi  iriH  not  crack  with  the  heat.  These^  being 
wexj  bad  oonduelon^  will  make  the  heat,  ultimatdiy  bom- 
monicated  to  the  air^  very  moderate.  If,  with  aU  these 
|MEeoautionSy  the  beat  should  be  found  too  ^tat^  it  mi^ 
he  brought  under  perfect  management  bjopenii^  jMUHages 
ihto  the  Tent  from  die  lateral  spaces.  These  tsajr  be  vrives 
car  trap-doors  mored  by  rods  eoncealed  baund  ibse  omar 
BDentsi 

Thus  we  have  a  fire-place  under  the  most  eoitapletie  le- 
gidatioiiy  whei«  we  ean  always  have  a  dieerful  fire  without 
beii^  far  a  quarter  of  an  hour  incommoded  by  tl»  heat ; 
smd  we  can  as  qinckly  raise  our  fire^  when  too  low^  by 
hanging  on  a  phte  of  iron  on  the  fron^  which  rinll  reach 
wi  le/w  as  the  gratei  This  in  fire  minutes  will  blow  up  the 
fire  iiito  a  glow ;  and  the  plate  may  be  sent  out  of  the 
leoitt,  or  set  bdnnd  the  store^grdte  out  of  si^t. 

The  propriety  of  endoung  the  arii-int  is  not  so  obvious; 
Imt  if  this  be  not  don^  die  li^ht  ashes,  not  finding  a  ready 
pussage  up  the  dnmoey,  will  come  out  into  the  room  akiAg 
with  the  heated  w. 

We  do  not  ebnaider  hi  this  place  the  various  extraneous 
orcniastances  whidi  impede  the  current  of  air  in  our  diim- 
neys,  and  prbdcioe  smoky  houses ;  but  only  the  theory  of 
tthis  motion  in  genend,  and  the  modificadoi^  of  its  openu 
tion  ariang  bom  th^  various  purposes  to  which  it  may  be 
applied. 

Under  tins  head  we  shall  next  give  a  general  account  and 
description  of  the  method  of  warming  apartments  by  stovei. 
A  Stovs  in  geiKral  is  a  fire-place  shut  up  on  all  sides, 
having  only  a  passage  for  admitting  the  air  to  support  the 
fire,  and  a  tube  for  carrying  oflp  the  vitiated  air  and  smoke; 
and  the  lur  of  the  room  is  warmed  by  coming  into  contact 
with  the  outode  of  the  stove  and  flue.    The  general  prin- 
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mutt  b»iiiide'to'€OBie  iam^mB^^lm^mvtmfkmilitm^ 
ihm  itCf  or  even  to  ytiu  IligMgh  itf^miAJiimmmk/fm 
iMm  asjiuit  to^o^lWMP^i■^^^paatiiy^.fl^^j■i^^ift 
pndiichv  tbe  heat  nqiiiriBd4^«^ 
icnieted,  that  both  tbe  biiiiii|«4M 
liiiiiii  "irrin^j  "^  '*--"  Trr  mrpBiil  in  ■■  [■liwii  i  ■iiif-. 
m  poBtthb  cf  finflaces,  all.jtt^  mmHfi  -irMiWaMfc 
loan;  and  the  heated  air-!iriiMa  tfciirali»»iMriirfartMr 
hyuedtogetintotfaeiiiiuiel  wUdi  ia  to  car^  it  oC  jlif 
too  mudi  cooled  to  produce  aaj  ogudadbbkaraaAi 
ontBda  of  the  Bt0ve«  ....    .^r 

.'  In  thia  tempepate  cKmate  no^niual  ■ngiwaij  «— y 
jbr wanniiig  an  ondinaiy  apBrtmant-;  lal alawmpk 
'father  to  pkaae  the  e^e  «i  lianilaie  tiMi 4i-aoBBBBri 
aidMlitiitea  for  an  open  Sxe^ieffoal  <aiWifc.peafK>  Jtl 
om  nrit^ibounion  the  continiBBt,  and  eaprriilly  hwaiJiii 
north,  where  the  oold  of  wisteria  intense,  mibimj 
dear,  have  bestowed  much  attentioQ  on  their  cwrtnif*^ 
and  have  combined  ingeniooa  eoonomy  with  efciydegaMe 
of  finrm.  Nothing  can  be  handaomer  than  the  mmmd 
Fayenoerie  that  are  to  be  seen  in  French  Fhaden^  at  tbe 
Russian  stoves  at  St  Petersbuigfa,  finished  in  maOk  Our 
readers  will  not,  therefore,  be  displeaaed  with  a  imifim 
of  them.  In  this  place,  however,  we  shall  onlyoaiadai 
stove  in  general  as  a  subject  of  pneumatical  disouaaoik 

The  general  form,  therefisre,  c£a  stove,  and  of  wUdul 
others  are  only  modifications  adapted  to  diGODistaneeitf 
utility  or  taste,  is  as  lijlows : 

MIEL  (Fig.  79.)  is  a  quadrangular  box  of  anj  flttii 
the  directions  MI  LK.  The  inside  width  firom  front 
to  back  is  pretty  constant,  never  less  than  teaa,  indbet,  ui 
rarely  extending  to  twenty  ;  the  included  space  is  divilal 
by  a  great  many  partitions.  The  lowest  ^^h'Mn^^  AB  is 
the  receptacle  for  the  fuel,  which  lies  on  the  bottom  oClk 
stove  without  any  grate:  this  fire-place  has  a  doorAO 
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^'  tnanuBg  ob  InagBi^  and  in  this  door  is  a  Teiy  mail  wicket 
*  PV  the  roof  of  the  flre-jdaoe  extends  to  within  a  Terj  few 
^'  inolies  of  the  farther  end,  leaiang  a  narrow  passage  B  fiir 
'  4k  flame.    The  nest  partition  ABis  about  right  indies 
^  h%faer,  and  reaches  almost  to  the  othor  end,  leaving  a  nar- 
■  row  passage  for  the  flame  at  B.    The  partitions  are  repeat- 
t£  ed  above,  at  the  distance  of  eight  inches,  leaving  passages 
r   at  the  ends,  alternately  disposed  as  in  the  figure ;  the  last 
7    of  them  H  communicates  with  the  room  vent    This  oom^ 
.    munication  may  be  regulated  by  a  plate  of  iron,  which  can 
be  slid^across  it  by  means  of  a  rod  or  handle  which  comes 
through  the  nde.     The  more  usual  way  of  shutting  up  this 
pnsage  is  by  a  sort  of  pan  or  bowl  of  earthen  ware  which 
is  whelmed  over  it  with  its  brim  resting  in  sand  contained 
in  a  groove  formed  all  round  the  hole.     This  damper  is  in- 
troduced by  a  door  in  the  front,  which  is  then  shut.     The 
whole  is  set  on  low  pillars,  so  that  its  bottom  may  be  a  few 
inches  from  the  floor  of  the  room :  it  is  usuallyplaced  in 
a  comer,  and  the  apartments  are  so  disposed  that  their 
dumneys  can  be  jmned  in  stacks  as  with  us. 

Some  straw  or  wood-shavings  are  first  burnt  on  the 
hearth  at  its  farther  end.  This  warms  the  air  in  the  stove, 
and  creates  a  determined  current  The  fuel  is  then  laid 
on  the  hearth  close  by  the  door,  and  pretty  much  piled  up. 
It  is  now  kindled ;  and  the  current  being  already  directed 
to  the  vent,  there  is  no  danger  of  any  smoke  coming  out 
into  the  room.  Effectually  to  prevent  this,  the  door  is  ' 
shut,  and  the  wicket  P  opened.  The  air  supplied  by  this, 
bang  directed  to  the  middle  or  bottom  of  the  fuel,  quickly 
kindles  it,  and  the  operation  goes  on. 

The  aim  of  this  construction  is  very  obvious.  The  flame 
and  heated  air  are  retained  as  long  as  posrible  within  the 
body  of  the  stove  by  means  of  the  long  passages ;  and  the 
narrowness  of  these  passages  obliges  the  flame  to  come  in 
contact  with  every  particle  of  soot,  so  as  to  consume  it  com- 
pletely, and  thus  convert  the  whole  combustible  matter  of  the 


TTI  nmnuTMft. 

fiid  iBto  hetU  For  wsnl  of  thli  a  very  amBiileraUe  pg*. 
tion  of  our  fuel  is  wasted  by  gur  open  fires,  even  under  the 
very  best  maoogemeDt :  the  soot  which  sticks  to  oxir  itnu 
is  very  inflanimable,  bikI  a  pound  weight  of  it  will  givr  u 
miit^i  if  not  more  beat  than  a  pound  of  coaL  And  wliu 
sticks  (o  our  vents  is  very  inconnderable  in  compsrison  trilli 
what  escapes  unconsumed  at  the  chijnney  lop.  In  6ree  of 
green  vood,  peat,  and  some  kinds  <if  pit-coal,  nesriy  cxiN 
fifth  of  the  fuel  is  lost  ta  llua  way ;  but  in  these  stoves  there 
IS  hardly  ever  any  mark  of  soot  to  be  seen ;  and  even  this 
snail  quantity  is  produced  only  after  lighting  tbe  firea. 
The  volatile  inflammable  matters  are  expelled  &om  parts 
much  heated  indeed,  but  not  so  hot  as  to  bum ;  and  some 
of  it  (Jiarred  or  half-burnt  cannot  be  any  further  oooBunk 
ed,  being  enveloped  in  flame  and  air  already  vidated  and 
unfit  for  combustion.  But  when  the  store  is  well  heated, 
and  ^e  current  brisk,  no  pari  of  the  soot  escapes  the  ae> 
tion  of  the  air. 

The  hot  air  retted  in  this  manner  in  the  body  of  tbe 
stove  is  applied  to  its  sides  in  a  very  extended  surfaccL  ^ 
iaereMe  this  stiH  Bore,  the  stove  is  nade  wsnnrer  Aom 
fivnt  ta  beek  in  tto  upper  part ;  a  eertnn  breadth  ii  mmmi 
aary  bdow,  that  there  may  be  room  tar  fad.  If  ddi 
bMadth  woe  prcaerved  all  tbe  way  up,  much  heat  wouU 
be  lost,  becnue  the  heat  oommunicated  to  the  partitiaiH«r 
the  stove  does  no  good.  By  diminidting  their  bR«dth,th» 
propoetioa  of  usefiilaurfaee  is  increased  Tbe  whole  body 
of  the  stove  may  be  ooandered  as  a  long  pipe  foUcd  vf, 
anditaeiect  would  be  the  greatest  possible  if  itrtallyiMM 
so ;  that  is,  if  each  partitiMi  c  C,  d  D,  Sk.  were  ^ilit  nia 
two,  and  a  free  passage  allowed  between  them  tot  the  air 
ef  the  room.  SoiaeUung  like  Uiis  mli  be  utemwd  aAa»> 
wards  w  smne  Gennan  stoves. 

It  is  with  tbe  same  view  (^making  an  extensive applia»> 
tioB  of  a  hot  surfiue  to  the  air,  that  the  stove  is  not  buih 
on  the  wall,  not  even  in  contact  with  it,  nor  with  the  floor: 
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mSxhfitB  ikiMhwiMtMlioiH  the  wr  i» ooiitMt with  the 
ih  hmA^nd  with  the  bottoni  (wfaeroiiiB  hoCteflt)i  u  wannedy 
Ac  and  contribute»  afe  bitt  dneJialf  of  the  whcde  effiaet ;  fisr 
^:  Ike  ffEHitheet  of  the  bottom  malMeits  cffiDol  out  the  ab  of 
I'l  the  nam  at  lean  efual  to  that  of  the  twoeMk  Soiiie- 
h  timeae  iteve  makea  part  of  the  wall  ba^veen  tooaoMll 

It  muet  be  fODerlted,  ea  the  whole^  that  the  cffiset  of  a 
atofe  dependa  mnch  on  keefung  in  the  room  the  m  ahead  J 
healed  hf  it  Thia  ia  ao  miiuurkahly  the  caae»  that  a  email 
/open  in  in  the  tame  room  will  be  so  fkr  fiom  incfffaeing 
ka  heat,  that  it  urill  greatly  dimininh  it :  it  will  even  draw 
the  wann  air  finim  a  miite  of  adjinniog  iqpnitment^  Thia 
b  distinetly  ofaeerved  in  the  houaes  itf  the  English  merch* 
ante  in  St  Petendiuigh :  their  habita  of  life  in  Britain  aaake 
ahem  eaeaqr  without  an  open  fite  in  their  sitting  rooma ; 
end  tlna  obiigea  them  to  heat  all  thdr  stovea  tmoe  ax^bvf, 
and  their  houaea  aie  oooler  than  those  of  the  Bnssians  who 
heat  Aem  only  onoe.  In  many  German  hoosea^eqpecialfy 
of  die  lower  rlaiSj  the  fire-plaoe  of  the  stove  doca  not  open 
into  the  room,  but  into  the  yard  or  lobby^  wheee  all  the 
firea  are  lighted  and  tended ;  by  this  means  ia  avoided  the 
expense  of  warm  mt  which  must  have  been^  eanied  off  by 
the  stove :  but  it  is  evident,  that  thia  must  be  very  un- 
pleasant, and  cannot  be  wholesome.  We  must  breathe  the 
aame  quantity  of  stagnant  air,  loaded  with  att  the  vapours 
and  eyhalafions  whidi  must  be  produced  in  every  inhahit- 
edplaee.  Going  into  one  of  these  houses  irom  the  open 
air,  is  like  putting  one^s  head  into  a  stew^^an  or  under  a 
fue^cnut,  and  qmckly  nauseates  us  who  are  accustomed  to 

fiesh  air  and  deanfiness.  Intheaecountrieaitisamatteral-* 

• 

most  of  neoesnt?  to  fumigate  the  rooms  with  fhmkinoense 
and  other  gums  burnt  The  coiaer  in  ancient  worship  was  in 
all  probability  an  utenni  introduoed  by  necessity  fer  sweet- 
ening or  rendering  tderable  the  air  of  a  crowded  place : 
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and  it  is  a  constant  practice  in  tlM  Itussiao  houses  S 
servant  to  go  round  the  room  after  dinner,  waving  a  cen- 
ser with  some  gums  burning  on  bits  ut'  charcoal. 

The  account  now  given  of  stoves  for  lieating  rooms,  and 
of  the  circumstances  which  must  be  attended  to  in  ibeir 
construction,  will  equally  apply  to  hot  wallfi  in  gardening, 
whether  within  or  without  doors.  The  on\y  new  circum- 
stance which  this  employment  of  a  flue  introduces,  is  the 
attention  which  must  be  paid  to  the  equability  of  the  heat, 
Wid  the  gradation  wliich  must  be  observed  in  dificrent  pans 

-  of  the  building.  Tiie  heat  in  tbc  ilue  gradually  diminishes 
as  it  recedes  from  the  fire-place,  because  it  is  continually 
giving  out  heat  to  the  flue.  It  must  therefore  be  so  con< 
ducted  through  the  building  by  frequent  returns,  that  in 
every  part  there  may  be  a  mixture  ot'  warmer  and  cooler 
branches  of  the  flue,  and  the  final  chimney  should  be  close 
by  the  6i'e-place.  It  would,  however,  be  improper  to 
run  tlie  flue  trom  the.  end  of  the  floor  up  to  tile  ceiling, 

•  where  the  second  liorizontal  pipe  would  be  pljiiced,  and 
then  return  it  downward  again,  and  make  the  third  horimm- 
tal  flue  adjoining  to  the  first,  S:c.  This  would  make  the 
middle  of  the  wall  the  coldest.  If  it  is  theflueof  agrees- 
houee,  diis  would  be  highly  improper,  because  the  u|^>er 
part  of  the  wall  can  be  very  little  employed ;  and  in  thii 
case  it  is  better  to  allow  the  flue  to  proceed  gradually  up 
the  wall  in  its  different  returns,  by  which  the  lowest  part 
would  be  the  warmest,  and  the  heated  air  will  aecoid 
among  the  pots  and  planU ;  but  in  a  hot  wall,  where  the 
.trees  are  to  recnve  heat  by  contact,  some  approxim^ion  to 
the  above  method  may  be  useful. 

Id  the  hypocausta  and  sudaria  of  the  Greeks  and  Bo- 
mans,  the  fiue  was  conducted  chiefly  under  the  floors. 

Malt-kilns  are  a  species  of  stove  which  merit  our  atten- 
Uon.  Many  attempts  have  been  made  to  improve  them  on 
the  principle  of  flue-stoves ;  but  they  have  been  imsuccMa- 
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ftd,  benuae  beet  is  not  what  b  duefly  wanted  in  making : 
it  IB  a  oofnous  conentof  useiy  dry  air  to  carry  off  the  mois- 
ture. 

All  that  is  to  be  attended  to  in  the  different  kinds  of 
melting  f timaoes  is,  that  the  current  of  air  be  suflSdentiy 
rapid,  and  that  it  be  i^phed  in  as  extensive  a  surface  as 
posnble  to  the  substance  to  be  melted.  The  more  rapd 
the  current  it  is  die  hotter,  because  it  is  consuming  more 
fiiel ;  and  therefixe  its  effect  increases  in  a  higher  propor- 
tion d»n  its  rapidity.  It  is  doubly  effectual  if  twice  as  hot; 
and  if  it  then  be  twice  as  rapid,  there  is  twice  the  quantity 
of  doubly  hot  air  apphed  to  the  subject ;  it  would  there* 
fiare  be  four  times  more  powerftiL  This  is  procured  by 
ndfiing  the  chimney  of  the  furnace  to  a  greater  haght 
The  close  application  of  it  to  the  subject  can  hardly  be 

.  bad  down  in  general  terms,  because  it  depends  on  the  pre- 
dse  circumstances  of  each  case. 

In  reverberatory  furnaces,  such  as  refining  furnaces 
for  gold,  silver,  and  copper,  the  flame  is  made  to  play 
over  the  surface  of  the  melted  metaL  This  is  produced 
entirely  by  the  ibrm  of  the  furnace,  by  making  the  arch 

.  of  the  furnace  as  low  as  the  drcumstances  of  the  mam- 
pulation  will  allow.  Experience  has  pointed  out  in  gene- 
ral the  chief  circumstances  of  their  construction,  viz.  that 
the  fuel  should'be  at  one  end  on  a  grate,  through  which  the 
air  enters  to  maintain  the  fire,  and  that  the  metal  should 
be  placed  on  a  level  floor  between  the  fuel  and  the  tall 
chimney  which  produces  the  cuirent  But  there  is  no  kind 
of  furnace  more  variable  in  its  effect,  and  almost  every 
place  has  a  small  peculiarity  of  construction,  on  which  its 
pre-^ninence  is  rested.  This  has  occasioned  mdny  whim- 
sical varieties  in  their  form.  This  unoertiunty  seems  to 
depend  much  on  a  circumstance  rather  foreign  to  our  pre- 
sent purpose;  but  as  we  do  not  observe  it  taken  notice  of 
by  mineralogical  writers,  we  beg  leave  to  mention  it  here. 
It  is  not  heat  alone  that  is  wanted  in  the  refining  of  silver 
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by  tnul,  for  instanco.     We  must 

tioa  to  its  surface  of  alt:,  which  has  tuA  ooDUibutcti  to  ifao 
coiubustioD  of  the  fuel.  Any  ()uantjty  of  the  boUest  air, 
already  saturaicd  with  the  fuel,  may  play  oa  the  aaifaoe  of 
the  metal  lor  ever,  and  keep  it  in  the  suie  of  mod  pcxftEl 
fusion,  but  without  reiming  H  in  Uie  least.  Noir,  id  tkr 
ordinary  coo&tructtoD  of  a  furnace,  thia  is  miidi  the  caae. 
If  the  whole  ak  has  come  in  by  the  grate,  and  paswd 
through  the  middle  of  the  fuel,  it  can  hardly  be  otherwue 
liiao  Dearly  saturated  with  it ;  and  if  air  be  aJao  adniiUeA 
by  the  door  (which  is  genecally  dune  or  sometlui^  equis^ 
lent),  the  pure  air  lies  above  the  vitiated  ur,  and  dinii^ 
the  passage  almig  the  horizontal  part  of  the  fuitMoe,  aaA 
along  tJie  surface  of  the  ractal,  it  still  kecfis  above  'A,  a* 
Eeast  there  is  nothing  to  pcomote  their  mixture.  Thus  the 
metal  does  not  come  into  eimtatX  with  air  6t  to  act  oo  the 
base  metal  and  caldne  it,  and  the  operation  of  refiniag  goes 
on  slowiy.  Trifling  circumstances  in  the  form  of  the  anh 
or  canal  may  tend  to  promote  the  jumbling  of  the  aira  to< 
gether,  and  thus  render  tlie  operation  more  expeditiotta ; 
and  aa  these  are  but  ill  understood,  or  perhaps  thia  circuia- 
Btance  not  attaided  to,  no  wonder  that  wawe  tfaaae  coaiB 
dered  as  aomany  noatnimi  o£grcat  impcKtanee.  Itiyam^ 
therefi»e  worth  wUle  to  try  the  cSIkI  of  (JiaagM  in.  tfas  ■ 
fiwrn  of  die  roof  directed  to  thia  vaiy  aroumstanoe.  Pmm* 
haipi  some  httle  prominence  down  from  the  arch  ef  the  x^ 
vecberatory.  would  have  thia  e£^t,  t^  suddenly  thvoiqag 
the  current  into  confudon.  If  the  additional  kngtb  of  pfl«» 
sage  do  not  cool  the  ax  too  much,  we  should  think  that  if 
there  were  inteipoeed  between  the  fuel  and  the  refituag 
floor  a  passage  twisted  like  a  cork-screw,  making  just  half 
a  turn,  it  would  be  moet  effectual :  for  we  imagine,  that 
the  two  airs,  keeping  each  to  their  respective  udes  o£  the 
passage,  would  by  this  means  be  turned  upnde  down,  and 
that  the  pure  stratum  would  now  be  in  contact  with  tha 
metal,  and  tl»e  vitiated  air  would  be  above  it. 


^      TIm  gliM  hniri  fifirnann  mrhihiti  fhn  r hinf  Tnrirtj  m  thn 
i«  mMngnDeafe  of  the  cufNOt  of  heated  air.    In  thk  it  ii  no* 
>i  oeavy  dial  the  hole  at  which  iho  wcrkman  dips  hia  pipe 
li  iniodiepot  shall  be  aa  hoi  aaa^rpo^^^fiunMei.  Tlu» 
■  ooaU  never  be  thecaae^  if  the  IbniaM  had  a  diiii^ 
afted  is  a  past  above  the  £ppiiig4iole ;  farinlhiacaaaoold* 
nil  waiilil  iiiiiai  diiirly  niih  in  it  thn  hnlf  t  piny  mrr r  tihir  mir 
fitfe  of  thepol,  and  g»  up  the  chimney.  To  prevent  thb  the 
hole  itadf  ia  SMde  the  fltdaxpey ;  but  as  this  would  be  loo 
abort,  and  would  produce  very  liltlecurrent  and  very  HttlQ 
heat,  the  whole  fiimaee  ia  aet  under  a  lull  doma    Thua 
the  healed  air  fiom  the  teal  fluurnaoe  ia  oonfliied  in  this  doBM^ 
and  constilutea  a  l%h  column  of  very  l^t  air,  which  will 
Iheiefiyre  me  with  gieal  force  up  the  dome,  and  eacape  at 
thetop.    ThiadosDeiatheiefcie  the  dumneys  and  will  pro. 
duceadrauj^loreurKntpiopcHrtionedtoitBhe^t  Some 
are  laiaed  above  an  hundred  feet    When  all  the  doors  of 
this  house  are  shut,  and  thua^  no  8U[^y  gi^c*  earoepi 
thaough  the  fir^  the  current  and  heat  become  prodigioua 
This,  however,  cannot  be  done,  because  the  workmen  ave 
in  this  chimn^,  and  must  have  req[Hrable  air.    But  not- 
withstanding this  suf^y  by  the  bouse-^oorB,  the  dnuighl 
of  the  real  fusnaoe  ia  vastly  increased  by  the  dome,  and  a 
heat  produced  sufficient  for  the  work,  and  whidi  could  not 
have  been  produced  without  the  doma 

Tfaia  has  been  ^iplied  with  great  ingenuity  and  effect  to 
a  furnace  for  mdting  ivon  from  the  ore^  and  an  iron  finery, 
both  without  a  blast  The  common  blast  iron  fiimaoe  is 
well  known.  It  ia  a  tall  cone  widi  the  apex  undermost 
The  on  and  fluxes  are  thrown  into  this  cone  mixed  inti- 
matdy  with  the  fiiel  till  it  b  full,  and  the  Uaet  of  most 
powerfiil  bellows  is  directed  into  the  bottom  c^this  cone 
through  a  hole  in  the  side.  The  air  is  thrown  in  inth  such 
force,  that  it  makes  its  way  through  the  mass  of  matter, 
kindles  the  fuel  in  its  passi^  and  fluxes  the  materials, 
Mfhich  then  drop  down  into  a  receptacfe  below  the  blast*. 


PKBOUATICB. 

ibslc,  *ai  thus  the  passage  for  the  sir  is  k^  u 
^t  was  thought  impossihie  lo  produce  or  maintain  this  cor* 
■cent  witliout  bellows ;  but  Mr  Cotterel,  an  ingenious  tbund- 
IfK,  tiicd  tlie  effect  of  a  tall  dome  placed  over  tlie  mouth  c^ 
Hbe  furnace,  and  though  it  was  not  half  the  hraght  of  mnay 
[gjasa-bouEC  domes  it  had  the  desired  effect.  Considerable 
iidifiiculties,  however,  occurred  ;  and  he  had  not  surmoiinl- 
tliem  all  when  he  lull  the  neiglibourhood  of  Edinburgh, 
have  we  heard  that  he  has  yet  brought  the  inYe&tion  to 
■perfection,  it  is  extremely'  difficult  lo  place  the  holes  be- 
low, at  which  the  air  is  to  enter,  at  such  a  precise  hei^t 
■iP  neither  to  be  choked  by  the  melted  matter,  nor  to  leave 
Mre  and  stones  below  them  unmelted  ;  but  the  invention  is 
:nry  ingenious,  and  will  be  of  inuiiensc  service  if  it  can  be 
■|)erfected  i  for  in  many  places  Iron  ore  is  to  be  found  where 
tarater  cannot  be  had  tor  working  a  blast  furface. 
*  The  lost  apphcation  which  we  shall  make  of  the  currents 
produced  hy  heating  the  air  is  to  the  freeing  mines,  ships, 
iiions,  &c.  li"oni  the  damp  and  noxious  vapours  which 
'frequently  infest  them. 

Aa  a  drifi  or  work  if  carried  on  in  the  mine,  kt  a  trunk 
of  deal  boards,  about  uz  or  eight  inches  square^  be  hud 
along  the  bottMU  of  the  drift,  communicaUng  with  a  truok 
ounied  up  in  the  comer  of  one  of  the  shafts.  Let  the  top 
of  this  last  trunk  open  into  the  ash-pit  of  a  small  furnace, 
having  a  tall  chimney.  Let  fire  be  kindled  in  the  fumaoe ; 
and  when  it  is  well  heated,  shut  the  fire-pUce  and  ssb-fnt 
doors.  There  being  no  other  supply  for  the  curreot  pro- 
duced in  the  chimney  of  this  furnace,  the  air  will  flow  bto 
.  it  from  the  trunk,  and  will  bring  along  with  it  all  the  of- 
lennve  vapours.  This  is  the  most  effectual  method  yet 
foimd  out.  In  the  siune  manner  may  trunks  be  conducted 
into  the  ash-jnt  of  a  furnace  from  the  cells  of  a  prison  or 
the  wards  of  an  hospital. 

In  the  account  which  we  have  been  giving  of  the  ma- 
nagement of  ait  in  furnaces  and  common  fires,  we  have 


msuMATics.  779 

frequently  mentioiKd  the  immediate  api^eation  of  air  to  the 
burning  fuel  as  necessary  for  its  combustion.  This  is  a  ge- 
neral fact  Inciderthatanyinflammablebody  may  be  real- 
ly inflamed,  anJits  ocmibustible  matter  consumed  and  ashes 
produced,  it  is  not  enough  that  the  body  be  made  hot    A 
piece  of  charcoal  enclosed  in  a  box  of  iron  may  be  kept  red- 
hot  for  ever,  without  wasting  its  substance  in  the  smallest  de- 
gree. Itisfarthernecessary  that  it  be  in  contact  with  a  par- 
ticular species  of  air/  which  constitutes  about  three-dghths 
of  the  air  of  the  atmosphere,  viz.  the  vital  ur  of  Lavcwner; 
It  was  called  empyreal  air  by  Schede,  who  first  observed  its 
indispensable  use  in  maintmning  fire :  and  it  appears,  that 
in  contributing  to  the  combustion  of  an  inflammable  body, 
this  air  coftibines  with  some  of  its  ingredients,  and  beocMnes 
fixed  air,  sufiering  the  same  change  as  by  the  breathing  of 
animals.     Ckmibustion  may  therefore  be  considered  as  a  so- 
lution of  the  inflammable  body  in  air.     This  doctrine  was 
first  promulgated  by  the  celebrated  Dr  Hooke  in  his  Jftco- 
graphiaj  published  in  1660,  and  afterwards  improved  in 
his  Treatise  on  Lamps.     It  is  now  completely  established, 
and  considered  as  a  new  discovery      It  is  for  this  reason 
that  in  fire-places  of  all  kinds  we  have  directed  the  con- 
struction, so  as  to  produce  a  close  application  of  the  lur  to 
the  fuel.     It  is  quite  needless  at  this  day  to  enter  into  the 
discussions  which  formerly  occupied  philosophers  about  tlic 
manner  in  which  the  pressure  and  elasticity  of  the  air  pro- 
moted combustion.     Many  experiments  were  made  in  the 
last  century  by  the  first  members  of  the  Royal  Society,  to 
discover  tlie  ofiice  of  air  in  combustion.     It  was  thought 
that  the  flame  was  extinguished  in  rare  air  for  want  of  a 
pressure  to  keep  it  together ;  but  this  did  not  explain  its 
extinction  when  the  air  was  not  renewed.     These  experi- 
ments are  still  retained  in  courses  of  experimental  philoso- 
l^y,  as  tliey  are  injudiciously  styled  ;  but  they  give  little 
or  no  information,  nor  tend  to  the  illustration  of  any  pneu- 
matical  doctrine ;  they  are  therefore  omitted  in  this  place. 


foster  in  ^VH^^I 
^uito  and  OnnAM  1 


In  short,  it  ifl  noar  toMy  cstaUidHd,  that  it 

nical  but  a  chemical  pfaenomenon.     Wc 
the  chcmistr  that  a  candle  mil  oonsumr  foster 
Countries  than  in  the  elevated  regions  of  Quito  and 
because  the  air  is  nearly  one-half  denser  bdour,  and  will 
act  proportionally  faster  in  decomposing  the  candle. 

We  aball  conclude  this  part  of  our  subject  with  ths  efc 
[danaUon  of  a  curious  phenomenon  obeenred  in  auaty  places 
Ccrt^a  spiiogs  or  fountains  are  observed  to  have  petinfe 
of  repletion  and  scantiness,  or  seem  to  ebb  and  flow  at  i^ 
gular  intervals ;  and  some  of  these  periods  are  of  a  cxMiTp& 
catcd  nature.  Thus  a  well  will  have  several  returns  oC 
high  and  low  water,  the  difference  of  «bicfa  gntduaUy  uk 
creases  to  a  niaximum,  and  then  dimioishea,  just  as  wc  a)»H 
serve  in  the  ocean.  A  very  ingenious  and  probable  exp^ 
nation  of  this  has  been  given  in  No  4^i  of  the  PhihMopbw 
cal  Transactions,  by  Mr  Atwell,  as  follows  :  . 

Let  ABCD  (Fig.  80.)  represent  a  cavern,  into  whick' 
water  is  brought  by  the  subterraneous  passage  OT.  iM/ 
it  have  an  outlet  MNP,  of  a  crooked  f<»-m,  with  its  higheM 
part  N  considerably  nuacd  ahove  tike  botttHs  of  1^  arnnt^ 
and  thenoe  sh^ng  downwards  into  lower  greuD^  aod-t«t> 
Bunating  in  an  open  well  at  P.  Let  the  ^mennimB  ef  thia 
canal  be  such  that  it  will  diadiarge  much  more  watev  thtm 
i»  supplied  l^  TO,  All  this  b  veiy  satural,  wstd  ^my  be 
very  common.  The  efifect  of  this  arrangement  mU  be  m 
remitting  spring  at  P  :  for  when  the  cavern  b  fiUed  higbar 
than  the  point  N,  Ao  camd  MNF  will  act  as  a  sypboai ; 
and,  by  the  oonditionsaaaumed,  it  will  disdiarge  the  w»* 
ter  faster  than  TO  supplies  it ;  it  will  tberefeve  run  it  dry, 
and  then  the  spring  aft  F  will  cease  to  furnish  water.  At- 
tar soDte  time  the  cavern  will  again  be  filled  up  to  the 
hdght  N,  and'  the  Sow  at  P  will  recommence. 

If,  beudes  this  sup[rfy,  the  well  P  aUo-  receive  water  frev 
a  constant  soyroe,  we  shall  have  a  reciprocating  sprii^. 

The  ^tuatiwi  and  dunennons  of  this  syfAon  canal,  and 
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rtm  mpfij  rfthi  firilrr^  mnjr  h(\  mirK  thrt  iTif  tifflinr  it  T 
iril  be  cwiMtinf  If  the  enpply  imsnne  in  a  certni  de« 
gntf  a  redprocetion  will  be  piodneed  at  P  with  very  flhort 
iBiervals;  if  the  iupply  diminirfirB  ooosderaUjr,  we  diall 
haiieancilherkiiidijfKdproca&m  ^mth  great  intcnrals  and 
great  diflSsrenees  of  water. 

If  the  e^vettk  has  another  einqple  outlet  R,  new  iratietiea 
wiU  be  prodiiocd  in  the  wpnag  P»  and  B  wiH  aflEoid  a  en* 
riotts  epri^g-  LK  die  modth  of  B,  fay  which  Ihe  watar 
entei»ilih«i  the  corem^  be  kwer  dun  N,  and  letdie 
8iqp|lljr  <»f  the  feeding  spring  be  no  greater  than  B  can 
diechargei  we  ehall  have  a  conelant  spring  fram  B,  and  P 
irill  fl^  no  water.  But  eiippoee  that  the  nuun  feeder  in« 
creasee  in  winter  or  in  nuny  eeaeons  bat  not  aomoGfaaa 
mU  supply  bodi  P  and  B,  the  cavern  will  fill  till  the  water 
gets  over  N,  end  B  will  be  running  all  the  while ;  but 
socai  after  Phei begun  to  flow,  and  the  water  in  the  cavern 
anks  bdow  B,  the  streittn  fiom  B  will  stqi.  The  cavern 
will  he  emptied  by  the  syphon  canal  MNP,  and  then  P 
wH  stop.  The  cavern  will  then  b^^  to  fill,  and  when 
near  fiill  B  will  give  a  htde  water,  and  soon  after  P  will 
run  andB  stop  as  before,  kc 

Deeagulieis  shows^  vcd.  iL  p«  177,  be  in  what  manner  a 
prodigious  variety  of  periocKoal  ebbs  and  flows  may  be  |r»» 
duoed  by  unde^gmund  canals,  which  are  extremely  simple 
and  probable. 


Wx  shall  condude  this  artide  with  the  descriptions  of 
some  pneumatical  machines  or  ongines  wbidi  have  not  been 
particukriy  noticed  under  their  names  in  the  former 
volumes  of  this  wori^. 

JBsfloias  are  of  most  extensive  and  important  use ;  and  it 
will  be  of  service  to  describe  such  as  are  of  unoonunon  con- 
stmedon  and  great  powor,  fit  fiir  the  great  operatiims  in 
metalluigy. 
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It  is  not  the  impulsive  force  of  the  blast  tittt  is  n 
in  most  cases,  but  merciy  the  w^ious  supply  of  air,  t<i  pro- 
duce the  rapid  combustion  of  inflummable  iiistt«- ;  and  tht 
service  would  be  better  performed  in  general  if  this  cnuld 
be  done  with  moderate  velocities,  and  an  extended  f^urface. 
What  arc  called  !ur-furnaces,  where  a  conMderabIc  surface 
of  inflammable  matter  is  acted  on  at  once  by  the  current 
'  whidi  the  mere  heat  of  the  expended  air  has  produced,  are 
found  more  operative  in  proportion  to  the  air  expended  thsn 
blast  furnaces  animated  by  bellows ;  and  we  doubt  not  hut 
that  the  method  proposed  by  M,  C'otlerel  (wliich  we  hare 
already  mentioned)  of  increasing  this  current  in  a  mekjng 
furnace  by  means  of  a  dome,  will  in  time  supersede  the 
blast  furnaces.  There  is  imieed  a  great  impulnve  Ibrcc 
required  in  some  cases ;  as  for  blowing  off  the  scoiia?  fmtu 
the  Burfaec  of  silver  or  copper  in  refining  furnaces,  or  for 
;  a  clear  passage  for  the  air  in  the  great  iron  fur- 


In  general,  howeTer,  we  cannot  procure  this  Iftundant 
supply  of  air  any  oilier  way  tlian  by  giving  it  n  great  vejo. 
dty  by  means  of  a  great  pressure,  so  that  the  general  cniv 
Btruction  of  bellows  is  pretty  much  the  same  in  all  kinds. 
The  air  is  admitted  into  a  very  large  cavity,  and  then  ex- 
pelled from  it  through  a  small  hole. 

The  fiimaces  at  the  mines  having  been  greatly  enlargetf, 
it  was  necessary  to  enlarge  the  bellows  also  :  and  the  leath- 
ern bellows  becoming  exceedingly  expensive,  wooden  ones 
weie  substituted  in  Germany  about  the  banning  of  last 
century,  and  from  them  became  general  through  Europe. 
They  conrast  of  a  wooden  box  ABCPFE  (Fig.  98.), 
which  has  its  top  and  two  sides  flat  or  strught,  and -the 
end  BAB  e  formed  into  an  arched  or  cylindrical  surface, 
of  which  the  line  FP  at  the  other  end  is  the  axis.  This 
box  is  open  below,  and  receives  within  it  the  shallow  box 
KHGNML  (Fig.  93),  which  exactly  fills  it.  The  line  FP 
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of  the  one  ocnnddes  with  FP  of  the  other,  and  abng  this 
line  ifl  a  set  of  lunges  on  which  the  upper  box  turns  as  it 
rises  and  anks.    The  lower  box  is  made  fiist  to  a  frame 
fixed  in  the  ground.   A  pipe  OQ  proceeds  from  the  end  of 
ity  and  terminates  at  the  furnace,  where  it  ends  in  a  small 
ppe  called  the  Uwer  or  hafcre*    This  lower  box  is  open 
above,  and  has  in  its  bottom  two  large  valves  V,  V,  open- 
ing inwards.    The  conducting  pipe  is  sometimes  furnished 
with  a  valve  opening  outwards,  to  prevent  burning  ooeis 
from  being  sucked  into  the  bellows  when  the  upper  box  is 
drawn  up.     The  joint  along  PF  is  made  tight  by  thin 
leather  nailed  along  it.     The  sides  and  ends  of  the  fixed 
box  are  made  to  fit  the  sides  and  curved  end  of  the  upper 
box,  so  that  this  last  can  be  raised  and  lowered  round  the 
joint  FP  without  sensible  firictiim,  and  yet  without  sufier- 
ing  much  ur  to  escape :  but  as  this  would  not  be  sufficient* 
ly  air-tight  by  reason  of  the  shrinking  and  warjnng  of  the 
wood,  a  farther  contrivance  is  adopted.     A  slender  lath  of 
wood,  divided  into  several  joints,  and  covered  on  the  outer 
edge  with  very  soft  leather,  is  laid  along  the  upper  edges 
of  the  indes  and  ends  of  the  lower  box.     This  lath  is  so 
broad,  that  when  its  inner  edge  is  even  with  the  inside  of 
the  box,  its  outer  edge  projects  about  an  inch.     It  is  kept 
in  this  position  by  a  number  of  steel  wires,  which  are  driven 
into  the  bottom  of  the  box,  and  stand  up  touching  the 
ndes,  as  represented  in  Fig.  95,  where  a  6  r  are  the  wires, 
and  e  the  lath,  projecting  over  the  outside  of  the  box.    By 
this  contrivance  the  laths  are  pressed  close  to  the  sides  and 
curved  end  of  the  moveable  box,  and  the  spring  wires  yield 
to  all  thdr  inequalities.     A  bar  of  wood  RS  is  fixed  to  the 
upper  board,  by  which  it  is  either  raised  by  madiinery,  to 
unk  again  by  its  own  weight,  having  an  additional  load 
laid  on  it,  or  it  is  forced  downward  by  a  crank  or  wiper  of 
the  machinery,  and  afterwards  raised. 

The  operation  here  is  precisely  similar  to  that  of  blowing 
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with  a  ohamber-bcllowa.    When  the  boutl  is  lifted  np,  ilk  • 
sir  enters  by  the  valves  V,  V,  Fig.  94.  and  is  expelled  at  tiie 
pipe  OQ  by  depressing  the  boards.     There  is  dieref<>iT  m 
occaaon  to  insist  on  this  point. 

These  bellows  are  mode  of  a  very  great  nxe,  AD  being 
16  feet,  AB  five  tect,  and  the  circular  end  AE  also  fiiv 
feet.  The  rise,  however,  is  but  about  3  or  3^  feet.  They 
expel  St  each  stroke  about  90  cubic  feet  of  air,  ami  they 
make  about  8  strokes  per  minute. 

Such  arc  the  bellows  in  general  use  on  the  continent  ' 
We  have  adopted  a  difiereat  form  in  this  kingdom,  whiob 
seems  much  [n^ferable.  We  use  an  iron  or  wooden  cylin- 
der, with  a  pston  sliding  along  it  This  maj  be  made 
with  much  greater  accuracy  than  the  wooden  boxes,  at  leal 
expense,  if  of  wood,  because  it  may  be  of  ooojx^rB  woilc, 
held  bother  by  hoops ;  but  the  great  advantage  of  thi« 
fimn  is  its  being  more  easily  mode  air-tight.  The  pistOD  is 
surrounded  with  a  broad  strap  of  thick  and  sofl.  leather, 
and  it  has  around  its  edge  a  deep  groove,  in  which  is  lodg- 
ed a  quantity  of  wool.  This  is  called  the  packing  or  stuff- 
ing, and  keeps  the  leather  very  closely  applied  to  the  intiB 
aurfoee  of  the  <^liader.  Iron  cylindns  may  be  TOTy  nnt 
\y  bored  and  smoothed,  so  that  the  fnstoD,  erea  whea  vflTf 
tight,  will  slide  lioag  it  very  smoothly.  To  ptonste  thii^ 
a  quantity  of  blftck4ead  is  ground  very  fine  with  l^attf, 
and  a  httie  (^  tlua  is  Maeored  on  tha  inetde  of  thfe  eyliate 
bom  time  to  time. 

The  cylinda  has  a  large  v^ve,  or  aometaneB  two  ki  the 
bottom,  by  wln^  tiie  atmosi^etio  air  ebtetb  when  the  |i» 
taa  ia  drawn  up.  When  the  {naton  is  thnut  doWi^  this  A 
is  expelled  along  a  pipe  <^  great  diameter,  Whidi  lertnfaiMtt 
in  the  furnace  with  a  small  orifioe. 

This  u  the  simplest  firim  of  bellows  whkh  can  be  fio» 
c«ved.  It  differs  ia  nothing  bat  oie  frcm  the  bdknn 
used  by  the  rudest  natioss.     The  Chinese  smiths  hxte  a 
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bdlows  very  mmilar,  being  a  square  ppe  of  wood  ABODE 
(Fig.  96.),  with  a  square  board  G  which  exactly  fits  it, 
moved  by  the  handle  FG.  At  the  fiurther  end  is  the  blast 
ppe  HK,  and  on  each  side  of  it  a  valve  in  the  end  of  the 
square  jupe,  cqpening  inwards.  The  piston  is  suffidently 
tight  for  th^  purposes  without  any  leathering. 

The  pston  of  this  cylinder  bellows  is  moved  by  machi- 
nery. In  some  Uast  engines  the  piston  is  simply  raised  by 
the  machine,  and  then  let  go,  and  it  descends  by  its  own 
wdght,  and  compresses  the  air  below  it  to  such  a  degree, 
that  the  velocity  of  efflux  becomes  constant,  and  the  piston 
descends  uniformly :  for  this  purpose  it  must  be  loaded 
with  a  proper  weight  This  produces  a  very  uniform  blast, 
except  at  the  very  beginning,  while  the  jnston  falls  sudden- 
ly and  compresses  the  air :  but  in  most  engines  the  piston 
rod  b  forced  down  the  cylinder  with  a  determined  motion, 
by  means  of  a  beam,  crank,  or  other  contrivance.  This 
gives  a  more  unequal  blast,  because  the  motion  of  the  pis- 
ton b  necessarily  slow  in  the  banning  and  end  of  the 
stroke,  and  quidcer  in  the  middle. 

But  in  all  it  b  plidn  that  the  blast  must  be  desultory. 
It  ceases  while  the  jnston  b  rinng ;  for  this  reason  it  is 
usual  to  have  two  cylinders,  as  it  was  formerly  usual  to 
have  two  bellows  which  worked  alternately.  Sometimes 
.  three  or  four  are  used,  as  at  the  Carron  iron-works.  This 
makes  a  blast  abundantly  uniform. 

But  an  uniform  blast  may  be  made  mth  a  single  cylin- 
der, by  making  it  deliver  its  air  into  another  cylinder, 
which  has  a  jnston  exactly  fitted  to  its  bore,  and  loaded 
with  a  sufficient  wdght  The  blowing  cylinder  ABCD 
(Fig.  97.)  has  its  piston  P  worked  by  a  rod  NP,  connect- 
ed by  double  chains,  with  the  arched  head  df  the  working 
beam  NO  moving  round  a  gudgeon  at  R.  The  other  end 
O  of  this  beam  b  connected  by  the  rod  OP,  with  thecrank 
PQ  of  a  wheel  machine ;  or  it  may  be  connected  with  the 
pbton  of  a  steam-engine,  8ec  &c.     The  blowing  cylinder 
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has  a  valve  or  valves  E  in  its  bottom,  opening  ihwanl*. 
There  proceeds  from  it  a  large  {npe  CF,  which  enters  the 
regulating  cylinder  GHKI,  and  has  a  valve  at  top  to  pre- 
vent the  ^r  front  getting  back  into  the  blowing  cylinder- 
It  is  evident  that  the  air  forced  into  this  cylinder  must  raice 
its  piiton  L,  and  tliat  it  must  af\ or vrards  descend,  while  the 
other  piston  is  rising.  It  must  descend  uniformly,  and 
make  a  perfectly  equable  blast. 

Observe,  that  if  the  piston  L  be  at  the  bottom  when  the 
machine  be^ns  to  work,  it  will  be  at  the  bottom  at  the  end 
of  every  stroke,  if  the  tuyere  T  emits  as  much  air  as  the 
cylinder  ABCD  furmshee ;  nay,  it  will  lie  a  while  at  the 
bottom ;  for,  while  it  was  rising,  air  was  issuing  tlirougb  T. 
This  would  make  an  interrupted  blast.  To  prevent  this, 
the  orifice  T  must  be  lessened ;  but  then  there  will  be  a 
surplus  of  air  at  the  end  of  each  stroke,  and  the  piston  L 
will  rise  continually,  and  at  last  get  to  the  top,  and  allow 
mr  to  escape.  It  is  just  possible  to  adjust  circumstHQces, 
so  that  neither  shall  happen.  This  is  done  easier  by  put- 
ting a  stop  in  the  way  of  the  piston,  and  putting  a  valve 
on  the  piston,  or  on  the  conducting  pipe  KST,  loaded  with 
a  weif^t  a  little  superior  to  the  intended  riasticity  of  ^ 
«r  in  the  cylinder.  Therefore  when  the  [nston  is  prevent- 
ed by  the  stop  from  rising,  the  snifting  valve,  as  it  ia  calkd, 
is  forced  open,  the  super6uous  air  escapes,  and  tlie  Idart 
preserves  its  uniformity. 

It  may  be  of  use  to  give  the  dimensions  of  a  machine  of 
this  kind,  which  has  worked  for  some  years  at  aveiy  grat 
fiirnace,  and  ^ven  satisfaction. 

The  diameter  of  the  blowing  cylinder  is  B  feet,  and  die 
length  of  the  stroke  is  6.  Its  piston  is  loaded  with  3^  tons, 
^t  is  worked  iiy  a  steam-engine  whose  cylinder  ia  3  feet  4 
inches  wide,  with  a  six-feet  stroke.  The  r^^lating  cyfin- 
der  is  8  feet  wide,  and  its  piston  is  loaded  with  8^  tons, 
making  about  2,63  pounds  on  the  square  inch  ;  and  it  is 
very  nearly  in  equilibrio  with  the  load  on  the  piston  of 


Hm  bloving  cyljmkf^  Tbp  ttonimixig  ppe  SSHS  M  U 
iBcfaiBs  in  jdlwuet^t  and  tlij^  oci&q^  of  Ae  tnjnem  iw  H 
iDcbes  f  ben  tfa^  mgiw  w«9  fsf^^ftfid,  but  it  baa  gnuliasUj: 
enlarge  bj  reaaoocf  tbe  intense  beat  tp  wbicb  it  is  e»* 
posed.  The  mating  yi^ve  h  Ipad^  mtb  three  pauods  mi 
the  iquare  incb. 

Whien  the  ei^gUie  worked  briskly^  it  made  16  sixobai 
per  minute,  and  there  was  alwaya  much  air  diadbaiged  bjr 
the  sQiftiiig  ^alve.  When  the  engine  made  15  alrokes  pc^r 
minute,  ^  aniftingvalie  opened  Jnit  aeUom^  90  thai  things 
weqs  nearly  adjusted  to  this  supply.  Each  stroke  of.iba 
blowing  cyKnder  sent  in  118  cubic  feet  of  oommonaic; 
The  ocdina|[y  pressure  of  the  air  being  suppoeed  14} 
poimds  on  an  inch,  the  density  of  the  air  in  the  regulating 

cylinder  i^ust  be    ^  ' — ,  =  1 ,1783,  the  natural  den- 

sity  being  1.  y 

This  machine  gives  an  opportunity  pf  coanparing  the  ex- 
pence  of  a^:  vith  the  theory.    It  must  (at  the  rate  of  16 

* 

strdces)  expel  80  culnc  feet  of  lur  in  a  seopnd  tbr$n|gb  f| 
hole  cif  1|  inches  in  diameter.  This  gives  a  velocity  of 
near  2000  &et  per  second,  and  of  more  than  IfiOQ  feet  for 
the  condensed  air.  This  is  vastly  greater  than  the  tbsor|r 
can  give  or  is  indeed  possible;  for  air  does  not  rush  into  a 
void  with  so  g^reat  velocity.  It  shows  with  great  eyidenciiy 
that  a  vast  qui|ntity  of  air  must  escape  jround  the  tlf^ 
pistons.  Their  united  circumferences  amount  to  alkiti# 
40  feet,  and  they  move  in  a  dry  cylinder.  It  is  imposdUe 
to  prevent  a  very  great  loss.  Accordingly*  a  candle  held 
near  the  edge  of  the  jnston  L  has  its  flame  vary  ipuch  disr 
turbed.  This  case,  therefore,  gives  no  hold  for  a  c^ular 
tion ;  and  it  suggests  the  propriety  of  attemptii^  to  dimiir 
msh  this  great  wasta 

This  has  been  very  ingeniously  done  (in  part  at  leasl) 
at  some  other  furnaces.  At  OntQ|h  foundry,  liear  Crlas- 
gow,  the  blowmg  cylinder  (also  worked  by  a  steam-engine) 
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delivers  its  air  into  a  chest  without  a  bottom,  wIucob  uo* 
mcrsed  in  a  large  cistern  of  water,  and  supported  at  a  small 
height  from  the  bottom  of  the  cigtern,  and  has  a  pipe  fmm 
its  top  leading  to  the  tuyere.  The  water  stands  about  five 
feet  above  the  lower  brim  of  the  reguIatJng  air-chest,  and 
by  its  pressure  gives  the  most  perfect  unifonnity  of  bias, 
without  allowing  a  pardcle  of  lur  to  get  off  by  any  other 
passage  besides  the  tuyere.  This  is  a  very  effectual  re- 
gulator, and  must  produce  a  great  saving  of  power,  be- 
cause a  Nnaller  blowing  cylinder  will  thus  supply  the 
blast  We  have  not  learned  the  dimensions  and  pa- 
formance  of  this  engine.  We  must  observe,  that  the  loss 
round  the  piston  of  the  blowing  cylinder  rcnuuns  inufimi- 
nished. 

A  blowing  machine  was  erected  many  years  ago  at  Cbafr- 
tillon,  in  France,  on  a  principle  con^derably  difierent,  and 
which  must  be  perfectly  air-tight  throughout.  Two  cy- 
linders A,  B  (Fig.  98.)  loaded  with  great  w^hts,  were 
suspended  at  the  ends  of  the  lever  CD,  moving  round  the 
gudgeon  E.  From  the  top  F,  G  of  each  there  was  a  large 
fiexible  pipe  which  united  in  H,  from  whence  a  pipe  KT 
led  to  the  tuyere  T.  There  were  valves  at  F  and  G  open- 
ing  outwards,  or  into  the  flexible  pipes ;  and  other  valve* 
Lj  M,  adjoining  to  them  in  the  top  of  each  cylinder  open- 
ing  inwards,  but  kept  shut  by  a  slight  spring.  MoticMi  was 
given  to  the  lever  by  a  machine.  The  operation  of  this 
blowing  machine  is  evident.  When  the  cylinder  A  was 
puUed  down,  or  allowed  to  descend,  the  water,  entering  ■! 
its  bottom,  compressed  the  air,  and  forced  it  along  the 
passage  FHKT.  In  the  meantime,  the  cylinder  B  was 
riebg,  and  the  tit  entered  by  the  valve  M.  We  see  that 
the  blast  will  be  very  unequal,  increasing  as  the  cylinder 
is  immersed  deeper.  It  is  needless  to  describe  this  ma- 
diine  more  particularly,  because  we  shall  give  an  account 
of  one  which  we  think  perfect  in  its  kind,  and  which  leaves 
hardly  any  thing  to  be  desired  in  a  machine  of  this  aort. 
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It  was  byented  by. Mr  John  Laurie,  land-sufvejror  in 
Edinburgh,  many  years  ago,  and  improved  in  some  i^e- 
spects  since  his  death  by  an  ingenious  person  of  that  city. , 

ABCD  (Fig.  99.)  is  an  ivon  cylmder,  truly  bored  with- 
in, and  evasated  a-top  like  a  cup.  EFGH  is  another, 
truly  turned  both  without  and  witUn,  and  a  small  matter 
less  than  the  inner  diameter  of  the  first  cylinder.  This 
cylinder  is  close  above,  and  hangs  from  the  end  of  a  lever 
moved  by  a  madiine.  It  is  also  loaded  with  weights  at 
N.  KILM  is  a  third  cylinder.  Whose  outade  diameter  is 
somewhat  less  than  the  insde  diameter  of  the  second.  Thi^ 
inner  cylinder  is  fixed  to  the  same  bottom  with  the  outer 
cylinder.  The  middle  cylinder  is  loose,  and  can  move  up 
and  down  between  the  outer  and  inner  cylinders,  without 
rubbing  on  either  of  them.  The  inner  cylinder  is  per^ 
fiyrated  from  top  to  bottom  by  three  pipes  OQ,  SV,  PR. 
The  pipes  OQ,  PR  have  valves  at  their  upper  ends  O,  P, 
and  oommimicate  with  the  external  air  below.  The  pipe 
SV  has  a  horizontal  part  V W,  which  again  turns  upwards, 
and  has  a  valve  at  top  X.  This  upright  part  WX  is  in 
the  middle  of  a  cistern  of  water  fTiJcg.  Into  this  dbstem 
is  fixed  an  ur-chest  a  YZ  A,  open  below,  and  having  at 
top  a  pipe  cde  tetminating  in  thte  tuyere  at  the  furnace* 

When  the  machine  is  at  rest,  the  valves  X,  O,  P,  are 
shut  by  their  own  weights,  and  the  mr-chest  is  full  of  wa- 
ter. When  things  are  in  this  state,  the  middle  cylinder 
EFGH  is  drawn  up  by  the  machinery  till  its  lower  brims 
F  and  G  are  equal  with  the  top  RM  of  the  inner  cylinder. 
Now  pour  in  water  or  oil  between  the  outer  and  middle 
cylinders :  it  will  run  down  and  fill  the  space  between  the 
outer  and  inner  cylinders.  Let  it  come  to  the  top  of  the 
innerxjrhflder. 

Now  let  the  loaded  middle  cylinder  descend.  It  cannot 
do  this  without  compressing  the  air  which  is  between  its 
top  and  the  top  of  the  inner  cylinder.  Thb  air  being  com- 
pressed will  cause  the  water  to  descend  between  the  inner 
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and  middle  cylmders,  and  rise  bMween  the  middle  aiti] 
outer  cylinders,  spreading  into  the  cup ;  and  as  the  middle 
cylinder  advances  downwards,  the  water  will  descend  fitt- 
ther  within  it  and  rise  farther  mttmat  it.  When  it  has  got 
so  fkr  down,  and  the  air  has  been  so  much  compressed, 
that  the  difference  between  the  surface  of  the  vratcr  on  the 
inside  and  outside  of  this  cylinder  is  greater  than  the 
depth  of  water  between  X  and  the  surface  of  the  ■water  fg, 
air  will  go  out  by  the  pipe  SVVV,  and  will  lodge  in  the 
air  chest,  and  will  remain  there  if  c  be  shut,  which  we  shall 
suppose  for  the  present.  Pushing  down  the  middle  cylin- 
der till  the  ptfrlJtioh  touch  the  top  of  the  inner  cylinder, 
all  the  air  which  was  formerly  between  them  will  be  forced 
into  the  air-cheat,  and  will  drive  out  water  from  it.  Dm* 
up  the  middle  cylinder,  and  the  external  air  will  open  the 
valves  O,  P,  and  again  fill  the  space  between  the  middle 
aiid  inner  cylinders ;  for  the  valve  X  will  shut,  and  pxe- 
vent  the  regress  of  the  condeniied  air.  By  puling  down 
the  middle  cylinder  a  second  time,  more  air  will  be  forced 
into  the  air-chest,  and  it  will  at  last  escape  by  getting  out 
b«t#«en  iti  brims  Y,  Z,  and  the  bottom  of  the  oAem  ;  ot 
tf  we  open  the  passitge  c,  it  will  pass  alODg  iht  coBdait  c  dt 
to  the  tuyere,  and  form  a  blxst. 

The  6^>eration  of  thlft  nfachine  is  umilar  to  Mr  Hasldns's 
quickulte^  pihnp  described  by  Desaguliers  at  the  end  of 
The  second  volinne  of  his  Experimental  Philosophy.  The 
forc«  which  condenses  the  ur  is  the  load  on  the  middle  ty- 
linder.  The  use  of  the  water  between  the  inner  and  oater 
cylinders  is  to  prevent  this  air  from  escaping;  and  the  inner 
cylinder  thus  performs  the  office  of  a  pijtoli,  hsving  no 
fHction.  It  is  necessary  that  the  length  of  the  outer  aUd 
middle  cylinders  be  greater  than  the  depth  of  the  re- 
gulator-eislem,  that  there  m^y  be  a  saflici«nt  height  for 
the  water  io  rise  between  the  middle  and  outer  cylinders, 
to  balance  the  compressed  air,  and  oblige  it  to  go  into  the 
air-«hest.   A  latge  blast-fiimAce  «ill  require  the  regulator- 


oblem  fire  fe^t  dtep^  and  the  cylinders  About  six  or  seven 
feet  long. 

It  ia  in  fact  a  pump  without  friction,  and  is  perfectly 
air-tighL  The  quickness  6f  its  operatbn  depends  on  the 
small  qMoe  between  the  middle  cylinder  and  the  two 
cithers;  and  this  is  thb  only  use  of  these  twa  Without 
these  it  would  be  nmikr  to  the  engine  at  Chastillon,  and 
operate  more  unequally  and  slowly.  Its  only  imperfection 
i%  that  if  the  cylinder  bi^n  its  motion  of  ascent  or  descent 
npidly,  as  it  will  do  when  worked  by  a  steam-engine,  thete 
will  be  some  danger  of  water  dashing  over  the  top  of  the 
inner  cylinder  and  gating  into  the  jnpe  S V  i  but  should 
this  happen,  an  issue  can  easily  be  contrived  for  it  at  V, 
covered  with  a  loaded  valve  v.  This  will  never  happen  if 
the  cylinder  is  moved  by  a  cranlu 

One  blowing  cylinder  only  is  represented  here,  but  two 
may  be  used. 

We  do  not  hentate  in  recommending  this  form  of  bel* 
lows  as  the  most  perfect  of  any,  and  fit  for  all  uses  where 
standing  bellows  are  required.  They  will  be  cheaper  than 
any  other  sort  fit  for  common  purposes.  For  a  common 
smithes  ferge  they  may  be  made  with  square  wooden  boxes 
instead  of  cylinders.  They  are  also  easily  repaired.  They 
are  perfectly  ti^ )  and  they  may  be  made  with  a  blast 
almost  perfectly  uniform,  by  making  tl^  astern  in  which 
the  air-chest  stands  of  considerable  dimensions.  When 
this  is  the  case,  the  height  of  water,  which  regulates  the 
blast,  will  vary  very  little. 

This  may  suffice  for  an  account  of  blast  machines.  The 
leading  parts  of  their  construction  have  been  described  as 
far  only  as  was  necessary  for  understanding  their  opera- 
tion, and  enabling  an  engineer  to  erect  them  in  the  most 
commodious  manner.  Views  of  complete  marlines  might 
have  amused,  but  they  would  not  have  added  to  our 
reader's  information. 

But  the  account  is  imperfect,  unless  we  show  how  their 
parts  may  be  so  proportioned  that  they  shall  perform  what 
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is  expected  from  them.  The  eDgineer  should  know  w)i« 
size  of  bellows,  and  what  load  on  the  board  or  piston,  and 
what  size  of  tuyere,  will  give  the  blast  which  the  service 
requires,  and  wiiat  force  must  be  employed  to  give  them 
the  necessary  degree  of  motion.  We  shall  accompliah 
these  purposes  by  considering  the  efflux  of  the  compressed 
iur  through  the  tuyere.  The  propo«lions  formerly  de- 
livered will  enable  us  to  ascertain  this. 

That  we  may  proportion  every  thing  to  the  power  em- 
ployed, we  mu^t  recollect,  that  if  the  piston  of  a  cylinder 
employed  for  expelling  air  be  pressed  down  with  any  force 
p,  it  must  be  considered  as  superadded  to  the  atmo^ibenc 
pressure  P  on  the  same  piston,  in  order  that  we  raajr  com- 
pare the  velocity  v  of  efflux  with  the  known  velouty  V  with 
which  air  rushes  into  a  void.     By  what  has  been  fbrmeriy 

delivered,  it  appears  that  this  velocity  v=\  X     / ~-A^ 

where  P  is  the  pressure  of  the  atmosphere  on  the  piston, 
and  p  the  additional  load  laid  on  it.  This  velocity  is  ex- 
pressed in  feet  per  second  ;  and,  when  multiplied  by  the 
areaof  the  orifice  (also  expressed  in  square  feet),  it  will 
give  us  the  cubical  feet  of  condensed  lur  expelled  in  a  se- 
cond ;  but  the  bellows  ah  always  to  be  filled  again  vith 
common  lur,  and  therefore  we  want  to  know  the  quantitj 
of  common  air  which  will  be  expelled ;  lor  it  is  this 
which  determines  the  number  of  strokes  which  must 
be  made  in  a  minute,  in  order  that  the  proper  supplj 
may  be  obtiuned.  Therefore  recollect  that  the  quantity 
expelled  from  a  ^ven  orifice  with  «  given  velod^,  is  in  the 
proportion  of  the  density ;  and  that  when  D  is.  the  density 
of  common  wr  produced  by  the  pressure  P,  the  density  d 

produced  by  the  pressure  P-Hj),  is  D  X  — p-  i  or  if  D  be 

made  1,  we  have  d  =:        .. 

Thnefore  caUing  the  area  of  the  orifice  expressed  in 
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squflse  feet  0/  aad  the  quantity  of  ecmuncn  air,  or  the 
GuUc  feet  esqpelled  in  a  second  Q,  we  have  Q  ==  VxOx 

P+p 


y 


P+p  ^     P 

It  will  be  sufBcientlj  exact  for  all  practical  purposes  to 
suppose  P  to  be  15  pounds  on  every  square  inch  of  the  pis- 
ton ;  and  p  is  then  convemently  expressed  by  the  pounds 
of  additional  load  on  every  square  inch :  we  may  also  take 
V  =  ISSa  feet. 

As  the  orifice  through  which  the  fur  is  expelled  is  gene- 
rally very  small,  never  exceeding  three  inches  in  diameter, 
it  will  be  more  convement  to  express  it  in  square  inches ; 
which  bdng  the  ^,  of  a  square  foot,  we  shall  have  the 

1SS2 
calnc  feet  of  common  air  expelled  in  a  second,  or  Q  =  ^jr 

and  this  seems  to  be  as  dmple  an  expresdon  as  we  can  ob« 
tain. 

This  will  perhaps  be  illustrated  by  taking  an  example  in 
numbers.  Let  the  area  of  the  piston  be  four  square  feet, 
and  the  area  of  the  round  hole  through  which  the  air^is  ex- 
pelled be  two  indies,  its  diameter  being  1,6,  and  let  the 
load  on  the  piston  be  1728  pounds :  this  is  three  pounds  on 
every  square  inch.    We  have  P  =  15,  p  =  3,  P  +  /?^=  18^ 

and  O  =  2 ;  therefore  we  will  have  Q  =  2x9,25x^-^ 

18  .  .  .  • 

— ,  =  9,053  cubic  feet  of  common  air  expelled  in  a  second* 

This  will  however  be  diminished  at  least  one*third  by  the 
contraction  of  the  jet ;  and  therefore  the  supply  will  not 
exceed  six  cubic  feet  per  second.  Suppoang  therefcfe  tha^ 
this  blowing  machine  is  a  cylinder  or  prism  of  this  dimen- 
fflon  in  its  section,  tlie  piston  so  loaded  would  (after  having 
compressed  the  air)  descend  about  15  inches  in  a  second :  it 
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wotild  first  ^nlc  J  of  the  whote  length  of  the  rrlioder  "pntlj 
suddenly,  till  it  h^  reduced  the  air  lo  the  density  ||,  aad 
would  then  descend  uniformly  at  the  above  rste,  expeJiing 
six  cubic  feet  of  common  air  in  a  second. 

The  computation  is  made  much  in  the  same  vray  for  bel- 
laws  of  the  common  form,  with  tliis  additional  drcum- 
stance,  that  as  the  loaded  board  moves  round  a  hinge  at 
one  end,  the  pressure  of  the  load  must  be  calculated  ac- 
cordingly. The  computation,  however,  becomes  a  little 
intricate,  when  the  Form  of  the  loaded  board  is  not  rectan. 
gular ;  it  is  almost  useless  when  the  bellows  hate  flexible 
sides,  either  like  smith's  bellows  or  hke  organ  bellows,  be. 
cause  the  change  of  figure  during  iheir  motioD  makes  con- 
tiuual  variation  on  the  compressing  powers.  It  is  therefore 
chiefly  with  respect  to  the  great  wooden  bellows,  of  which 
the  upper  board  slides  down  between  the  sides,  liuit  the 
above  calculation  is  of  service. 

The  propriety  lioweTer  of  this  piece  of  information  is 
evident ;  we  do  not  know  precisely  the  quantity  of  air  ne- 
cessiiry  for  animating  a  furnace  ;  but  this  calculation  tells 
iis  what  force  must  be  employed  for  expelling  the  mr  that 
tnay  be  thought  necessary.  If  we  hare  fixed  on  the  strehgffi 
of  the  blast,  and  the  diameter  of  the  cylinder,  we  leani  Ai 
weight  widi  which  the  pistcHi  must  be  loaded ;  tlie  len^' 
of  the  cylinder  determines  its  capaei^,  the  abore  6a]cu1)i> 
tion  tells  the  expense  per  second ;  hence  we  have  the  time 
'6f  the  piston^s  comii^  to  the  bottom.  This  gives  ua  the 
ttumb^r  of  strokes  per  minute :  the  toad  must  be  lifted  up 
by  the  machine  this  number  of  times,  making  the  time  €£ 
ascent  precisely  equal  to  that  of  descent ;  otherwise  the  ms- 
ttUne  Will  Mtber  cstcJl  and  stop  Ae  desoetit  of  the  piatoo, 
br  allow  it  to  tie  inactive  for  b  while  of  eadi  stroke.  Tfaeae 
fcircumstances  determine  the  labour  to  be  per&noed  by  the 
machine,  and  it  most  be  constructed  accordinf^y.  Thus 
the  etigin^er  will  not  be  f^rooted  by  its  failure,  nor  will 
he  expend  iteedlMs  polrer  and  cost 
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a  oertetti  detemmiBd'  motioii^  dbfEeftnt  fipfml  lAnA  Ariwft 
iioni  thnr  oihl  we^Ut,  the  iDboiputation  k  extremdiy  'mtirU 
eatk.  When  a  pistoit  mtrvea  b j  al  cranky  its  moticte  at  the 
hepating  and  aid  df  eddn  Btn&e  is  Mw^  and  the  oompres* 
skin  add  efflihc »  cofatiiiiialfy  changiiig :  w^  ten  howevdr 
approximate  to  a  staffeontet  of  tbe  Sbree  required; 

Biierj  tinte  die  pstdn  is  draihi  up^  a  ibertttn  qpaoe  of 
the  cylinder  is  filled  again  ^itfa  air  of  the  ootainioh  deonty  i 
and  this  b  elpeUed  dimng  the  defeeot  iof  die  pston.  A 
certain  nmnbdr  of  cilbic  feet  ef  oomifionair  is  therefore  e3>» 
p^ed  mAt  a  ydodiy  which  perhaps  continually  varies} 
but  there  is  a  nridium  vdocitj^  with  lAiich  it  m%ht  have 
been  im&formly  Spelled,  and  a  ptosmre  cdcreeptading  la 
flus  f^rioei^;  To  find  this,  divide  the  teeaof  die  |>islon 
by  die  arefli  of  tbe  blastrhok  (or  rather  by  this  avea  mtild^ 
pHed  by  6,61S^  in  order  to  take  in  the  effieict  of  tbe  cdn« 
traotM  jM)»  and  nlidti[dy  thfe  length  of  the  sMke  perfohn*' 
ed  in  a  second  by  ifa^  quodeist  arisinj;  fiom  this  divisibn; 
the  prodnct  is  die  itediimi  vdodty  of  the  air  (of  the  natu- 
ral density).  Then  fiiid  by  calculatioifr  the  he^ht  through 
which  a  hedvy  bbdy  aiiist:  fiiU  in  order  to  aoqiure  this  ve^ 
loci^  ;•  diis  is  flie  height  of  a  cdunm  of  honiogentai:^  ^ 
which  wocdd  espel  it  with  dus  velocity.  Tbe  weight  of 
this  ocdotei  is  ihe  Iteat  force  duit  cah  be  ecerf^  by  the 
ei^gline :  but  this  Cdtce  is  too  small  to  oVerooase  the  retist- 
lasoe  in  die  middle  of  die  stroke^  and  it  A  too  great  evm 
fti*  the  end  of  dK  ilroke^*  add  mUch  too  great  for  die  be; 
ginimigofit  But'if  themaohine  is  turtedbyaveiyheavy 
water-wheel^  ifais  will  act  lis  a  regulator^  aecumulating  in 
it^lf  the  Stqwdooiis  foorce  during  tlui  too  fii  voutaU^  pbski 
detis  of  die  cranll,.  and  ekerdng  it  by  its  vis  inlgUa  during 
tbe  time  of  grdattet  effiort  A  force  not  great^  exceeding 
the  weight  of  this  colunm  of  air  will  therefore  suffice;  On 
the  other  hand,  if  the  strength  of  tlie  blast  be  determined, 
which  is  the  general  state  of  the  problem,  this  determines 


the  degree  of  condensation  of  the  air,  and  the  load  on  the 
square  inch  of  die  piston,  or  the  mean  force  which  the  ms- 
chine  must  exert  on  it,  A  table,  which  wiU  be  g^ven  pe- 
sently,  determines  the  cubic  feet  of  common  air  expelied  in 
a  second,  corresponding  to  this  load.  This  comlniied  with 
the  proposed  dimensions  of  the  cylinder,  will  give  the  d&- 
scent  of  the  piston  or  the  lengtli  of  the  stroke. 

These  general  observations  apply  to  all  forms  <d  bel- 
lows ;  and  without  a  knowledge  of  tliem  no  person  can 
erect  a  machine  for  working  them  without  total  uncertainty 
or  servile  imitation.  In  order,  therefore,  that  they  may 
be  useful  to  such  as  are  not  accustomed  to  the  management 
of  even  these  ^inple  formula,  we  insert  the  folio  wing  short 
table  of  the  velocity  and  quantity  of  air  discharged  from  a 
cylinder  whose  [nston  is  loaded  with  the  pounds  contained 
in  the  fit«t  column  on  every  square  inch.  The  second 
column  contains  the  velocity  with  which  the  condensed  air 
rushes  out  tlirough  any  arruUi  hole  ;  and  the  third  column 
is  tlie  cubic  feet  discharged  from  a  hole  whose  area  is  a 
square  inch  ;  column  fourth  cont^ns  the  mean  velocity  of 
ur  of  the  oHnmon  den^ty ;  and  oolumn  fifUi  is  the  cafaie 
fiset  of  oonunoQ  air  discharged ;  the  sixth  columa  is  the 
height  in  inches  at  which  the  force  of  the  blast  would  8U{»- 
port  a  column  of  water  if  a  pipe  were  inserted  into  the  side 
of  the  cylinder.  This  is  an  extremely  proper  addition  to 
such  mechanics,  sbomng  at  all  times  the  power  of  the  m^. 
chines,  and  teaching  us  what  intena^  of  blast  is  enplo^ed 
tar  difieraDt  purposes.  The  table  is  computed  from  the 
supposition  that  the  ordinary  pressure  of  the  air  is  Ifi 
pounds  on  a  square  inch.  This  is  somewhat  too  great, 
and  therefore  the  velodties  are  a  Uttle  too  small ;  but  the 
quantises  discharged  will  be  found  about  \  too  great  (with- 
out affecting  the  veloaties)  on  account  of  the  convo-geney 
of  the  stream. 
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II 

111 

IV 

V 

VI 

i 

(39 

1.66 

!47 

1,78 

14 

393 

2,31 

3iS 

8,47 

!7 

n 

4M 

»,T9 

431 

Sfi6 

40 

s 

*il 

3,17 

618 

3,60 

54 

ti 

SOO 

3,4B 

»4 

4,8 

68 

3 

Mi 

3,16 

653 

4^ 

88 

34 

MS 

4.03 

ns 

4,98 

95 

4 

eu 

4,2« 

774 

fi,» 

109 

*i 

ftU 

4,46 

8*a 

S,T5 

IM 

5 

M6 

4,67 

888 

6,17 

136 

H 

693 

4.64 

9fiO 

e,49 

liO 

6 

Til 

5.06 

997 

6,9! 

163 

This  table  extends  &r  beyond  the  limitB  of  ordinary  ua^ 
very  few  bUst-fumaces  having  a  force  exceeding  60  mchett 
of  water. 

We  ehall  oondude  this  account  of  blowing  machines 
with  a  description  of  a  small  one  for  a  blow-pipe.  (ESg.  100.) 
EFGH  is  a  vessel  wntainmg  mtfer,  about  two  feet  deep. 
ABCD  is  the  u)%)k»  of  the  blower  open  below,  md  hav- 
ing a  [^>e  ILK  rinng  up  from  it  to  a  convenient  height ; 
an  aim  ON  which  gmps  this  pipe  carries  the  lamp  N  :  the 
blow-jupe  LM  cornea  from  the  top  of  the  upright  pipe. 
FKQ  is  the  feeding  pipe  reaching  near  to  the  bottcHs  erf* 
the  vessel 

Water  bdng  poured  into  the  vessel  below,  and  its  cover 
being  put  on,  which  £ts  the  upright  pipci  and  touches  two 
studs  a,  -o,  piojecting  frcHu  it,  blow  in  a  quantity  of  air  by 
the  feeding  {upe  FQ ;  this  expels  the  water  from  the  air- 
box,  and  occanaos  a  pressure  which  produces  the  Uasfr 
throu£^>the  bloW'^x^  M. 

In  a  ibrmcar  pat^praph  of  this  article,  we  mentioned  an 
^)pUcatiiHi  which  has  been  made  of  Hero's  fountain,  at 
ChemiutE,  in  Hungary,  for  nusing  water  fran  the  bottoni 
of  a  mine.  We  shall  now  give  on  account  of  this  very  in> 
genious  contrivance. 

In  Fig.  101.  B  refKesrats  the  source  of  water  elevated 
above  the  mouth  of  the  jnt  136  feet  From  this  there  is 
led  a  pipe  B6CDE  four  inches  diameter.  This  pipe  enten 
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tile  lop  of  a  coppo-  cyllnclei  bc4e,  H  fcf  t  la^  five  £« 
diameter,  ami  two  inchrs  thick,  and  it  reaches  to  whlna 
four  inches  of  the  boltomi  it  haa  a  cock  at  C.  Thiscj- 
lindcr  has  a  cof:k  at  F,  and  a  very  large  one  fit  £.  From 
the  top  A  c  proceeds  a  pipe  GHH'  two  inches  ip  diameter, 
which  goes  down  the  pit  96  feet,  aud  is  ^qerted  into  the 
top  of  another  brass  cylinder/^  /*  i,  which  is  6^  fiiet  hi|^ 
four  feet  diameter,  and  two  indies  thick,  containing  83 
cubic  feet,  which  is  very  nearly  one  half  of  the  papacity  of 
the  other,  viz.  of  170  cubic  feet.  There  is  onotlter  pipe 
NI  of  four  inches  diameter,  which  lises  from  within  fonr 
inches  of  the  bottom  of  this  lower  cylinder,  is  soldered  in- 
to its  top,  and  rises  to  the  trough  NO,  which  carries  off 
the  water  from  the  mouth  of  the  pit.  This  lower  cylin- 
der communicates  at  the  bottom  with  the  water  I.  which 
collects  in  the  drains  of  the  mine.  A  large  cock  K  serves 
to  admit  or  exclude  this  water  ;  another  cock  M,  at  the 
top  of  this  cylinder,  communicates  with  the  external  air. 

Now  suppose  the  cock  C  sliut,  and  all  the  rest  open ; 
the  upper  cylinder  will  contain  air,  and  the  lower  cylinder 
will  be  filled  with  water,  Iwcause  it  is  sunk  so  deep  that  its 
top  is  below  the  usual  surface  of  the  mine-waters.  Now 
shut  the  cocks  F,  E,  M,  K,  and  open  the  cock  C.  The 
water  of  the  source  B  must  run  iii  by  the  onGce  I),  ud 
rise  in  the  upper  cylinder,  compressing  the  ur  above  it 
and  along  the  pipe  GHH',  and  thus  acting  on  the  sur&oe 
of  the  water  in  the  lower  cylinder.  It  will  therefore  cause 
it  to  rise  gradually  in  the  fupe  IN,  where  it  will  always  be 
of  such  a  height  that  its  wdght  btdancea  the  elasticity  of 
the  compressed  air.  Suppose  no  issue  ^ven  to  the  air  fiiopi 
the  upper  cyhnder,  it  would  be  rannpressed  into  }th  of  its 
bulk  by  the  column  of  136  feet  lugh ;  for  a  odumn  of  S4 
feet  nearly  balances  the  ordinary  elasticity  of  the  air. 
Therefore  when  there  is  an-  issue  given  to  it  through  the 
pipe  GHH,  it  will  diive  the  compressed  air  along  this  i»p^ 
and  it  will  expel  water  from  the  lower  cylinder.     When 
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the  upper  cylinder  irfiiU  of  wales,  tb«e  i|Kflli)e  S4  cubic 
feet  of  water  espelledfiom  the  lower  cylLq^er.  If  the  pipe 
IN  had  been  mqce  than  196  feet  long,  the  water  would 
have  risen  136  feet,  being  then  in  equiUbiio  with  the  water 
in  the  feeding  pipe  BiCP(a8has.beeiiahnBadyriiown),^ 
the  intervention  of  the  elastic  atv ;  bqtno  more  water  would 
have  been  expelled  from  the  lower  cylinder  than  what  fUls 
•this  pipe.  But  thp  pipe  being  only  06  feet  high,  the  water 
will  be  thrown  out  at  N  with  a  very  great  velocity*  If  it 
were  not  for  the  great  obstructions  which  water  and  air 
must  meet  with  in  th^  passage  akog  pipes,  it  would  issue 
at  N  with  a  velocity  of  more  than  50  &et  per  second^  It 
issues  much  more  slowly,  and  at  last  the  upper  cylinder  .is 
full  of  water,  and  the  water  woul4  ^'^^  ^^  P>P^  OtH  and 
enter  the  lower  ^linder,  and  without  diylai?ing  the  air  in 
it,  would  rise  throug!|  the  dischaiipng  p^  IN,  and  run 
off  to  waste.  To  prevent  this  there  haqgs  in  the  pqpe  HG 
a  cork  ball  or  double  oonejby  a  braas  wire,  which  is  guid- 
ed by  holes  in  two  cross  pieces  in  the  pipe  HG.  When 
the  upper  cylinder  is  filled  with*  water,  this  cprk  plugs  iqp 
the  onfioe  G,  and  po  water  is  wasted;  the  influx  at  D 
now  stops.  But  tfie  lower  cylinder  contains  compressed 
airy  whidi  would  balance  water  in  a  discharging  jnpe  186 
feet  high,  whereas  IN  is  only  96.  Therefooe  the  water 
•wijl  continue  to  flow,  at  IjT  till  die  air  has  so  £p  expanded 
as  to  balance  only  06  feet  of  water,  that  is,  till  it  oocijpias 
;l  of  its  ordinary  bulk,  that  is,  ^  of  the  caparity  of  th^  up- 
per (^Imder,  or  444  cubic  feet.  Therefore  43^^  cubic  feet 
will  be  expelled,  and  the  eflBpx  at  N  will  cease ;  and  the 
lower  cylinder  is  about  ^  full  of  :f»ter.  When  the  attend- 
ing workman  obserres  this,  he  shuts  the  cock  C«  He  might 
have  done  this  before,  had  he  known  when  the  orificg  G 
was  stcqqped ;  but  no  loss  ensues  fiom  the  delay.  At  the 
same  time  the  attendant  opens  the  coc|^  £,  the  water  issues' 
with  great  violence,  being  pressed  by  the  condensed  air 
from  the  lower  cylinder.    It  diercfore  issues  with  the  6um 
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of  its  own  weight  and  of  this  compresstoo.  These  gndd>  ' 
ally  decrease  together,  by  the  efflux  of  the  water  and  ilie 
expanaioiiof  (he  air;  but  this  efflux  stops  before  all  the 
water  has  flowed  out;  for  there  is  42^  feet  of  the  lower 
cjUnder  occupied  by  air.  This  quantity  of  water  remains, 
therefore,  in  the  upper  cylinder  nearly :  tlie  workman 
knows  this,  because  the  discharged  water  is  received  first 
of  all  into  a  vessel  containing  |  of  the  capacity  of  the  upper 
cylinder.  Whenever  this  is  filled,  the  attendant  opens  the 
cock  K  by  a  long  rod  which  goes  down  the  shaft  ;  this  al- 
lows the  water  ot  tlie  mine  to  fill  the  lower  cylinder,  allows 
the  air  to  get  into  the  upper  cylinder,  and  this  allows  the 
remaining  water  to  run  out  of  it. 

And  thus  every  thing  is  brought  into  its  first  ccmdition ; 
and  when  tlie  attendant  sees  no  more  water  come  out  at  £, 
he  shuts  the  cocks  £  and  M,  and  opens  the  cock  C,  and 
the  operation  is  repeated. 

There  is  a  very  surprising  appearance  in  the  working  of 
this  engine.  When  the  efflu.\  at  N  has  stopped,  if  the 
cock  F  be  opened,  the  water  and  mr  rush  out  together 
with  prodigious  violence,  and  the  drops  of  water  are  chanir. 
ed  into  bail  or  lumps  of  ioe^  It  is  a  sight  usually  ahowa 
to  strangers,  who  are  denred  to  hold  their  hats  to  receive 
the  blast  of  air :  the  ice  comes  out  with  such  violence  as  fir^ 
quently  to  pierce'  the  hat  like  a  fnstol  bullet  This  r^ad 
congelation  is  a  remarkable  instance  of  the  gmeral  Act, 
that  air  by  suddenly  expanding,  generates  cdd,  its  Gap>- 
dty  for  heat  being  increased.  Thus  the  peasant  oools  his 
broth  by  blowing  over  the  spoon,  even  from  warm  lunga; 
«  stream  of  air  from  a  pipe  b  always  cooling. 

The  above  account  of  the  procedure  in  working  this 
engine  shows  that  the  efflux  both  at  N  and  £  becomes  vetj 
^w  near  the  end.  It  is  found  convenient  therefore  not 
to  wait  for  the  complete  discharges,  but  to  turn  the  cocks 
when  obcmt  30  cubic  feet  of  water  have  been  discharged 
at  N :  more  work  is  done  m  this  way.     A  gentlemao  of 
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great  accuracy  and  knowledge  of  these  subjects  took  the 
trouble,  at  our  deare,  of  noticing  particularly  the  perform- 
;ance'of  the  machine.    He  observed  that  each  stroke,  as  it 
may  be  called,  took  up  about  three  minutes  and  ^  ;  and 
that  S2  cubic  feet  of  water  were  discharged  at  N,  and  66 
were  expended  at  E.    The  expense  dierefore  is  66  feet  of 
'  water  falling  186  feet,  and  the  performance  is  S2  raised 
96,  and  they  are  in  the  proportion  of  66x136  to  32x96, 
or  of  1  to  0,8482,  or  nearly  as  3  to  L     This  is  superior  to 
the  performance  of  the  most  perfect  undershot  mill,  even 
when  all  frictbn  and  irregular  obstructions  are  neglected ; 
akid  is  not  much  inferior  to  any  overshot  pump-mill  that 
has  yet  been  erected.     When  we  reflect  on  the  great  ob- 
structions which  water  meets  with  in  its  passage  through 
'kmg  pipes,  we  may  be  assured  that,  by  doubling  the  size 
of  the  feeder  and  discharger,  the  performance  of  the  ma- 
chine will  be  greatly  improved ;  we  do  not  heatate  to  say, 
that  it  would  be  increased  }  :  it  is  true  that  it  will  expend 
more  water ;  but  ,this  will  not  be  nearly  in  the  same  pro- 
portion ;  for  most  of  the  deficiency  of  the  machine  arises 
from  the  needless  velodty  of  the  first  efilux  at  N.     The 
discharging  pipe  ought  to  be  110  feet  high,  and  not  give 
sensibly  less  water. 

Then  it  must  be  considered  how  inferior  in  original  ex- 
pense this  nmple  machine  must  be  to  a  mill  of  any  kind 
which  would  raise  10  cubic  feet  96  feet  high  in  a  mixmte, 
and  how  small  the  repairs  on  it  need  be,  when  compared 
with  a  mill. 

And,  lastly,  let  it  be  noticed,  that  such  a  machine  can 
be  used  where  no  mill  whatever  can  be  put  in  motion.  A 
small  stream  of  water,  which '  would  not  move  any  kind  of 
wheel,  will  here  raise  ^  of  its  own  quantity  to  the  same 
height ;  working  as  fast  as  it  is  supplied. 

For  all  these  reasons^  we  think  that  the  Hungarian  ma- 
chine eminently  deserves  the  attention  of  mathematicians 
and  engineers,  to  bring  it  to  its  utmost  perfection,  and  into 
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general  use.  There  are  situatioofl  where  this  Idad  of  n^ 
chine  may  be  very  useful,  Thue,  where  the  tide  risu  17 
feet,  it  may  be  used  for  compressing  ojr  to  ]  of  iu  bulk; 
ttnd  a  pipe  leading  from  a  very  large  veuel  ioverUd 
may  lie  used  for  raising  the  water  frota  A 
I  of  its  capacity  I  ?  feet  high  ;  or  if  tliis  vessel  has  oolr  A 
of  the  capacity  of  the  large  one  set  in  (Jio  tide>WAy,  tm 
pipes  may  be  led  Ircrm  it ;  one  into  the  smaU  veffioi,  and 
the  other  into  an  equal  vessel  16  feet  higher,  which  reoeiTO 
the  water  from  the  first.  Thus  ^\  of  the  water  may  be 
raised  94-  feet,  and  a  smaller  quantity  to  a  still  greaur 
height ;  and  this  with  a  kind  of  power  that  can  hardly  be 
applied  in  any  other  way.  Machines  of  this  kind  ore  de- 
scribed by  Scbottus,  Sturmius,  Xjcupold,  and  other  uld 
writers ;  and  they  should  not  be  forgotten,  because  oppor- 
tunities may  offer  of  making  them  highly  useful.  A  gCA- 
tletuan's  house  in  the  country  may  thus  be  sUji^ilied  villi 
water  by  a  machine  that  will  coat  little,  and  hardly  go 
ofrep^. 

The  last  pneumatical  engine  which  we  shall  speak  of  at 
present  ia  the  cotnmon  fannen,  used  for  wiQaowii^  gnui, 
and  for  drftwuig  tax  out  of  a  room  :  and  we  hare  but  &w 
observations  to  make  on  them. 

The  wings  of  the  fiumers  are  enclosed  in  a  cylinder  or 
dnim^  whose  drcnlnr  ^des  have  a  large  opening  BDE 
(Pig.  lOS.)  rOand  thecentre,  to  admit  the  air.  Bgr  tuniiag 
the  wings  rajndly  round,  the  air  is  hucricd  round  aiaog 
with  them,  and  thus  acquires  a  centrifugal  taitdeiicy,  fay 
which  it  presses  strongly  on  the  outer  rim  of  the  drum : 
this  is  gradually  detKhed  JVom  the  circle  as  at  KI,  and 
tenuinated  in  a  trunk  IHOF,  which  goes  (fin  a  ua^jes. 
tial  direction ;  the  air  therefore  is  driven  altMig  tbb  pw- 
sage. 

If  the  wings  were  disposed  in  planes  pwMg  thtougfa 
the  axis  C,  the  compression  of  the  wr  by  their  anterior  snr- 
tiee  would  give  it  some  tendency  to  esc^  in  evaydiice* 
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tion,  and  would  obfitruct  in  some  degree  the  arrival  of 
more  air  through  the  ade-holes.  They  are  therefore  re- 
clined a  little  badcward,  as  represented  in  the  figure*  It 
may  be  shown  that  thrir  best  form  would  be  that  of  a  hy- 
perbolic 8|nral  abc;  but  the  straight  form  approaches  suf- 
fidoitly  near  to  the  most  perfect  shape. 

How  much  labour  b  lost,  however,  in  carrying  the  air 
round  those  parts  of  the  drum  where  it  cannot  esciqpe. 
The  fimners  would  other  draw  or  dBscharge  almost  twice 
as  much  air  if  an  opening  were  made  all  round  one  side. 
This  could  be  gradually  contracted  (where  required  fcnr 
^'^"^'^^''^'^g)  "7  A  surrounding  cone,  and  thus  directed 
against  the  fisdlen  grain:  this  has  been  verified  by  actual  trial. 
When  used  for  drawing  air  out  of  a  room  fos  ventilation, 
it  would  be  rnudh  better  to  remove  the  outer  «de  of  the 
drum  entirely,  and  let  the  air  fly  fredy  off  on  aU  ades ; 
but  the  flat  ades  are  necessary,  in  order  to  prevent  the  aur 
from  arriving  at  the  fimners  any  other  way  but  through  the 
central  holes,  to  which  trunks  should  be  fitted  leading  to 
the  apartment  which  is  to  be  ventilated. 
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